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CRESTMORE, PAST AND PRESENT* 


JosepH Murpocnu, University of California at Los 
Angeles, Los Angeles, California. 


When it came to be my turn, as retiring president of the Mineralogical 
society of America, to deliver the customary parting address, it seemed 
juite natural to turn for my subject to Crestmore, since I have been in 
lose touch with this remarkable mineral deposit for over thirty years. 
Juring this time, I have made repeated trips to this locality, which is 
_ little west of Riverside, California, and only about sixty miles from 
ny headquarters at U.C.L.A. These trips have been made alone or with 
uccessive classes of students from the University, and I feel that it has 
een, and still is, year in and year out, one of the most consistently 
rofitable and rewarding sources of interesting mineralogical material 
nywhere in the world. Thinking back over these visits, I bring to mind 
ne in particular which might well serve to “‘point a moral and adorn a 
ale.”” It was several years ago, when I encountered a small group of 
isitors to the quarry, among whom was a youngster of boy scout age, 
vho was prowling in impatient fashion over the fragments of talus while 
is elders were busily collecting specimens. He was making most scorn- 
al remarks about ‘“‘nothin’ but ole quarry rock,” just about the time 
hat I was making an exciting find close by. To the boy, and to most of 
he general public I suppose, Crestmore is ‘‘just a quarry,” since there is 
othing particularly showy there apart from the beautifully blue calcite. 
Sut to a mineralogist, it is one of the seven wonders of the world, and a 
lace worth all the ‘“‘blood, sweat and tears” involved in what my stu- 
ents sometimes defined as “beating on boulders.’’ After all, when you 
reak open a rock, the exposed surface is something that has never be- 
pre been seen by human eye, and occasionally that sight 1s highly re- 
rarding. This is particularly so if the break happens to occur along a 
ein in which there is a cavity, for on the walls of this there may be a 
oating of beautifully developed crystals. The only trouble with a place 
ke Crestmore is that with continuous excavation of rock, and only inter- 


* Address of the retiring President of the Mineralogical Society of America at the 41st 
inual meeting of the Society at Denver, Colorado, Nov. 1, 1960. 
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° 
TaBLe 1. NEw MINERALS FounD AT CRESTMORE 


Wilkeite 1914 Merwinite 1921 Parawollastonite 1935 


Riversideite 1917 Foshagite 1925 Ellestadite 1937 
Plazolite 1920 Tilleyite 1933 Nekoite 1955 
New, Bur As YET UNNAMED 

Mineral Z 1953 Woodford’s group 1940-41 
10 A hydrate 1959 (Minerals C, D, F, J, L, M and Q) 
Meg borate 1959 


mittent visits possible, many potential specimens go through the works 
and disappear. As Eakle commented, ‘‘the cement contains the calcined 
remains of many beautiful, rare, and perhaps new minerals.” The title I 
have selected, ‘‘Crestmore, Past and Present,’”’ should perhaps have been 
extended by adding the word ‘future,’ because the locality seems as 
inexhaustible as the miraculous pitcher of Philemon and Baucis. I can 
vouch for the fact that in al! my visits to Crestmore over this period of 
more than thirty years, I have practically never drawn a blank. I would 
take a class there, firmly resolved not to do any collecting, and then, in 
the course of showing a typical occurrence to a student, would encounter 
a specimen which was different, and warranted further examination in 
the laboratory. So much for the resolution! Of course, the cream has 
been skimmed, and most finds are of secondary interest, but not all, 
even now. The record of new minerals, for instance, with their dates of 
discovery as shown in Table 1, indicates that the end is not yet in sight, 
and there seems to be no reason to suppose that continued careful ob- 
servation will not continue to produce results. 


History 


The earliest activity at Crestmore was the quarrying of limestone for 
lime-burning. This began some undetermined time before 1907, from 
some pits at the site of the present Commercial quarry on the east side of 
Sky Blue Hill. The old bins and lime works were in existence up to about 
1940, They appear in a picture taken about 1928, shown in Fig. 2a. 

A panorama taken from the west in about 1906 is shown in Fig. 1a. 
Perhaps if one of you is an old car fan he can date this picture from the 
automobile. This shows the original land surface, with Sky Blue Hill at 
the left and Chino Hill to the right. Quarrying for cement rock was 
started on the west side, mainly on Chino Hill, about 1907, and a plant 
was erected in 1909. At the same time, the Commercial quarry was being 
operated for road material as well as limestone, as was probably the high 
level North Star quarry on the northerly slope of Sky Blue Hill. This, as 
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well as the workings on the west side, is shown in Fig. 16 probably taken 
in 1915 or before. Figure 1c, taken in March, 1917 from a slightly dif- 
ferent angle, shows further progress in excavation. The record is some- 
what vague here, since one statement is made that the high level quarry 
was the North Star, and that the Lone Star was started about 1917 be- 
_tween this and the Commercial quarry. It seems likely that this inter- 
mediate quarry is the one now called the Wet Weather quarry, and that 
_the name Lone Star was applied to the North Star. 


Fic. 1. Early views of Crestmore. (a) About 1907; (b) 1915; (c) 1917. 


Two pictures taken from the air in 1928 show the general quarry pat- 
ern at that time. The first one (Fig. 2a), from the east, shows the old 
Commercial quarry face and in the foreground, the old lime kiln struc- 
ures. This also shows the increased extent of quarrying on Chino Hill 
nd its extension to the north. The second picture, (Fig. 2b) from the 
pposite direction, shows as well the high Lone Star quarry, ine oe 
leepened Wet Weather quarry, and a bit of the floor of the Commercia 

rry. 
et, a shaft was started for underground mining, and excavation 
Itimately resulted in caving in of the surface and development of a glory 


248 JOSEPH MURDOCH 


hole between Chino and Sky Blue Hills. This is shown in a photograph 
taken in 1935 which shows the headframe of this shaft, and the begin- 
ning of a steep face on the west side of Sky Blue Hill (Fig. 3a). Mine and 
open pit were both worked until about 1930, but from that date to 1939 
the only production was from the mine. Late in 1940 some limestone 
was taken out on the east side, from the platform of the now abandoned 
Commercial quarry, and at this time the old lime kiln structures were 
removed. Then again, in 1946 and 1947 the Commercial quarry floor 
was cut into from the south, the excavation joining up with the 1940 
workings, and forming the 910 foot level from which very extensive col- 
lections have been made in recent years. Since this time, and up to the 
present, all production has been from the underground workings, which 
now are down to a depth of some 550 feet below the surface. Figure 36 
shows the present Commercial quarry face and the 910 foot level. 


Fic, 2, Crestmore in 1928. (a) View from East, showing old Commercial quarry face, 
and old lime kiln structures. (b) View from West, showing the high Lone Star quarry and 
greatly deepened Wet Weather quarry. 
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0 a 
Hie. 3. (a) Crestmore in 1935; (b) 1956 (By permission, Geological Society of America). 


GEOLOGY 


The oldest rocks of the area are metasediments, in part crystalline, 
vith some quartzite and other metamorphic types. These may be Mis- 
issippian or Triassic in age—there is no conclusive evidence, although 
‘comparisons have been made with the Mississippian Furnace limestone, 
nd with the Triassic Bedford Canyon formation. 

These rocks have been extensively invaded by quartz diorite which 
epresents the northerly extension of the San Diego batholithic complex. 
trosion has lowered the surface to the point where only patches of the 
netamorphics have been preserved, embedded in a matrix of the quartz 
liorite as roof pendants or “‘curtains.’’ The Crestmore area represents 
ne of these patches, which consists mainly of crystalline limestones or 
narbles, and a lesser amount of quartzite. The limestones are repre- 
ented by two roughly lenticular bodies which dip in an easterly direc- 
ion, as shown in Fig. 4. The upper, or Sky Blue limestone is about 500 
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feet in thickness, and is separated from the lower, slightly thinner Chino 
limestone, by an intrusive tongue of the quartz diorite. The Chino is in a 
somewhat irregular and wrinkled syncline, while the overlying Blue Sky 
has been somewhat bulged up by the intrusion of quartz monzonite 
porphyry which forms irregular or pipelike intrusions in the Blue Sky 
limestone or between it and the quartz diorite. At this time, or slightly 
later, there have also been intrusions of various pegmatites, mostly small. 

The limestones are quite similar, consisting of layers of predazzite 
alternating with pure limestone, and with some layers of magnesium- 


Fic. 4. Lenticular bodies of crystalline hmestone at Crestmore. Upper— 
Sky Blue; Lower—Chino. 


poor rock. The Sky Blue series included some very large masses of almost 
pure blue calcite, and both it and the Chino are quite coarsely crystalline, 
although not solid enough to be marble suchas could be used in building. 

Contact effects of the quartz diorite are expressed by the presence of 
a relatively narrow, simple contact zone, presumably by the develop- 
ment, in its hotter stages, of the abundant periclase originally present in 
the predazzite, and by coarsening of the crystalline texture of the lime- 
stones. 

Contact effects of the quartz monzonite porphyry are much more pro- 
nounced, and involve silication of thick zones in the limestone, perhaps 
development of the blue color in some of the calcite, and formation of a 
mixed or hybrid rock by absorption of limestone by the intrusive magma. 
The thick masses of contact rock show a zonal distribution of minerals 
from the intrusive contact to the untouched limestune, and it is in this 
region that many of the unusual minerals appear. 


MINERALS 


A great deal has been written about Crestmore and its minerals, but 
this afternoon I propose to bring only the more important portions to 
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your attention. The initial papers were purely descriptive, and this term 
could probably be applied to most, but a few of the later ones have been 
“more concerned with mineralogic history, origins and relationships. Be- 
fore considering these you may be interested in a few statistics: The total 
number of named and identified minerals to date is 137, with an addi- 
onal dozen or so which are so far unidentified, many of which are 
‘probably new. Of the named minerals, nine are new, as shown in Table 
I. Six of these have not yet been found elsewhere, and two more, riverside- 
ite and nekoite in only one or two other localities. I have listed para- 
_wollastonite as new, for it was on material from Crestmore that Peacock 

(1935) first recognized its monoclinic character, and suggested that the 

name wollastonite be used for the more common triclinic form. This puts 
_Crestmore on a par with the two other great contact metamorphic as- 
semblages—Franklin, New Jersey, and Langban, Sweden, each with 
(essentially the same number of recognized species. 

The attention of mineralogists was drawn to Crestmore as a contact 
metamorphic assemblage of considerable interest by A. S. Eakle (1914), 
«at a meeting of the Geological Society of America. The abstract of this 
paper listed only a few of the minerals observed, inciuding the rare min- 
eral xanthophyllite, but was followed by a later, more complete presenta- 
(tion. In this year wilkeite, the first of the new minerals, was described by 
| Hakle and Rogers (1914) and named in honor of the late R. M. Wilke, 
«ardent mineral collector and dealer of Palo Alto. This was a good one 
to start off with, since it is a mineral of the apatite group with the un- 
precedented number of four acid radicals—phosphate, silicate, sulphate, 
carbonate. In this paper, they also mention the mineral okenite, which 
they describe as appearing as an alteration product of wilkeite. 

A more complete paper by Eakle (1917) lists a total of 56 species, and 
describes two new minerals. These are crestmoreite and riversideite, 
both hydrous calcium silicates but with different percentages of water. 
Crestmoreite was described as an alteration product of wilkeite, taking 
‘the place of the earlier-named okenite. The mineral has since been shown 
‘to be tobermorite, always occurring with some residual wilkeite. River- 
‘sideite, occurring principally as white fibers interstitial to idocrase 
»grains, and as veins in massive idocrase, is a doubtful but probably valid 
‘species. In this paper also, an occurrence of white needle-like grains was 
described as okenite, but this material has recently been shown by x-ray 
‘study to be nekoite, a new mineral. 

In the next two years another seven species appeared, among them 
‘the rare mineral periclase (Rogers 1918), whose presence had been postu- 
Jated as the original of the brucite granules, but which had not been 
found before. It appears as very occasional cores inside nests of brucite in 
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the predazzite rock, confirming the earlier diagnosis. Here also plazolite, 
another new mineral, was described by Foshag (1920). 

From 1921-1925 ten additional species were found, and of these three 
were new. Merwinite was described and named by Larsen and Foshag 
(1921). In the same year, Eakle (1921) determined jurupaite, which has 
since been considered to be a magnesium-rich xonotlite. A new mineral, 
foshagite, was described, also by Eakle (1925). It was later considered to 
be identical with hillebrandite (Berman 1937) but more recent work 
(Heller and Taylor 1956) has shown the validity of this material as a 
separate species. 

During the period 1933-1937 twelve additions were made to the list, 
among them three more new species. The first of these was tilleyite, 
named by Larsen and Dunham (1933). Then Peacock (1935) determined 
the triclinic symmetry of one type of wollastonite crystals described by 
Eakle from Crestmore. He proposed that the name wollastonite be ap- 
plied to this modification, and that the far less common monoclinic 
variety be called parawollastonite. Some of these truly monoclinic crys- 
tals are found among Eakle’s Crestmore wollastonites, so that both 
modifications are present here. Then D. McConnell (1937) observed and 
named ellestadite, a wilkeite-like mineral with little or no phosphate 
radical present. 

Rather extensive papers by Woodford and his associates (Woodford 
et al. 1941, Woodford 1943) added twenty-eight recognized species, 
most of them by their own observations. Besides these, they list at least 
eight unnamed species, some of them probably new, besides some others 
which have since been identified. These papers devote considerable at- 
tention to distribution of minerals throughout the quarries, and make 
incidental comments on the origin of several. 

There is no published record of any additions to the list until 1949, 
when the mineral perovskite was noted, by the present author, Murdoch 
(1949), but a number of new occurrences were observed over the previous 
six years, in specimens from his personal collection and in material sent 
him by private collectors. 

In the period 1951-55 eleven names were added, and among these 
was the new compound nekoite determined by Gard and Taylor (1955) 
from material Kakle had called okenite. Several of the observed species 
are rare, among them afwillite, scawtite, and bultfonteinite. Prior to 
these years, one probably new mineral was observed and partially de- 
scribed by the writer, and tentatively called mineral Z, but the results 
were not published, in absence of a reliable analysis. Qualitative tests 
indicated that this was a hydrated silicate carbonate of calcium. 

Recently C. W. Burnham (1959) published a very complete paper on 
the detailed geology and paragenesis of minerals on Crestmore, and I 
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have drawn freely on this in outlining the sequence of events and the 
characteristic features of the locality. 
| During the autumn and winter of 1959-60, I have had the privilege 
_of working in the Harvard laboratory on an extensive collection of Crest- 
/more material made by Col. C. M. Jenni. At the same time Alden Car- 
/penter, a graduate student, has been working on his own collection of 
_Crestmore specimens at the same place. The results of study here are 
by no means complete, but in the course of routine examination an addi- 
tional eight named species have been added, including the rare minerals 
(ettringite, szaibelyite, and huntite. In addition, a number of definite 
species have been observed which are so far not identified, and some of 
which are surely new. 
| The presence of such a great variety of minerals is due to the rather 
! complex geologic history of the occurrence. This produced a fortunate 
(combination of conditions which permitted the development of many 
uncommon compounds as well as of the usual species. There were a num- 
[ber of factors involved in this history, which started with the meta- 
imorphism of the original sediments, included the crystallization of the 
‘various igneous intrusions, continued with their successive contact ef- 
{fects, and ended with surface weathering and oxidation. The early, pre- 
‘sumably regional, metamorphism of the sediments, and the final weather- 
ing, produced few minerals and no very interesting ones. Intrusion and 
crystallization of the igneous intrusives produced the normal suites of 
rock-forming minerals, and in the case of the quartz diorite, resulted in 
the development of a thin, normal contact zone with grossularite garnet, 
-epidote and wollastonite. Early stages of the intrusion of this rock may 
well have been responsible for the formation of the original abundant 
periclase in the magnesium rich layers of the limestone. With dropping 
ttemperatures late hydrothermal agencies from the same source may 
‘have hydrated most of this periclase to the nests of foliated brucite that 
‘we see now. At the same time, some of the purer limestone may have 
‘received its blue color. There is as yet no adequate explanation for this 
color. The pegmatites may have been injected at about this time, but 
seemed to be responsible for very little mineralogic change. 
The somewhat later intrusion of the quartz monzonite porphyry 1s 
‘responsible for the development of an extensive aureole of contact rock, 
‘some of it completely silicated. Burnham (1959) has observed a definite 
zoning in this aureole, starting next to the igneous rock with grossularite 
as the principal mineral, accompanied by minor wollastonite and diop- 
side. The next zone is almost entirely idocrase, and the outermost mainly 
monticellite with a rather long list of minor constituents, such as chon- 
idrodite, clinohumite, merwinite, tilleyite, etc. This zoning shows a suc 
cessive decrease in the ratio Sit+Al+Fe/Ca+Mg with increasing dis- 
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tance from the intrusive, and indicated that these elements were added 
metasomatically to an originally essentially pure limestone. 

These zones are not always well defined, and are complicated by the 
irregular form of the intrusives. Further, we may find variations in them 
to produce local masses made up of idocrase-diopside-grossularite- 
spinel, monticellite-idocrase-wollastonite-diopside, or spurrite-merwinite- 
gehlenite. These may be solid silicate masses or may be interspersed with 
irregular patches of coarsely crystalline, often bright blue, calcite. In 
these calcite patches we sometimes find metallic sulphides, galena, 
bornite, chalcopyrite, disseminated in droplike pellets. Some of these are 
perfectly fresh, while others are altered to secondary carbonates or 
oxides. In a few cases the galena is surrounded in the neighboring matrix 
by minerals like wulfenite or mimetite. 

Some of the massive garnet-wollastonite zone is composed of very 
fine, sugary grossularite, and fracture surfaces in this mass are often 
characterized by the presence of foshagite in ‘‘slip-fiber” form, like 
asbestos, or painted over with a thin coating of a brilliant blue mineral 
so far unidentified. This has tentatively been called mineral Y, and 
some of its characteristics determined, but not enough pure material is 
so far available for final determination though it appears to be a copper 
bearing calcium silicate hydrate. Mineral Y may occur alone on a sur- 
face, or in combination with foshagite, or less often as pellet-like aggre- 
gates of thin blades occurring in calcite just like the metallic sulphides. 

The massive monticellite rock, brown in color, also is cut by narrow 
veins, rarely over one-eighth to one-quarter inch wide, filled with fibrous 
or platy white minerals. Usually these are massive, but occasionally small 
cavities allow the formation of crystals. Some of this vein filling is thau- 
masite, showing a cross fiber pattern and in the rare open spaces well de- 
veloped terminated crystals. Much of it, however, is a platy mineral which 
I observed several years ago, and have tentatively called mineral Z. 
This occurs locally in the grossularite rock and the merwinite-spurrite 
rock as well as here, and normally appears as botryoidal groups of clus- 
tered blades. Rarely it develops freely, forming multiple or even more 
rarely, single thin crystals, reasonably suitable for single-crystal x-ray 
study. These crystals are so thin as to be practically invisible when 
viewed on edge, so that goniometric measurements are impossible. Opti- 
cal properties, x-ray powder pattern, unit-cell dimensions and symmetry 
correspond closely to one of the calcium silicate hydrates (14 A) de- 
scribed by Heller and Taylor (1956) and the qualitative chemical com- 
position is essentially the same. A satisfactory chemical analysis had not 
been possible until last winter, when a more abundant supply became 
available from the Jenni and Carpenter collections at Harvard. Analysis 
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| of this material showed the presence of several per cent of BO; and 
| COs, although these do not appear to affect the powder pattern. With the 
| availability of this analysis, a reasonably complete description and nam- 
| ing of this mineral is in process. It has been suggested that it is somewhat 
similar in composition to Daubree’s plombiérite, and so should be given 
_ this name, but his material was a gel, rather poorly described, and this is 
_ crystalline. In my opinion mineral Z is a definite and different substance, 
_and deserves species rank and a name of its own. Some of the white 
crusts, in the merwinite-spurrite rock particularly, are very like mineral 
_Z in appearance and gross chemical composition, but give a distinctly 
different «-ray powder pattern, corresponding to another of the calcium 
silicate hydrates of Heller and Taylor (with a prominent line at 10 A), 
and appears to be free from admixture. The chemical! analysis shows a 
_ different proportion of CaO to SiO» from mineral Z, so this also should be 
considered a mineral species. 

In the spurrite-merwinite rocks, many of the veins are quite different 
from those just described, and are characterized by the presence of scaw- 
tite (sometimes accompanied by mineral Z), or afwillite (often with et- 
_tringite). Scawtite and afwillite are ordinarily in small, but well formed 

crystals. Ettringite is locally abundant, as tiny hexagonal prisms or as 
larger crystal grains without external form, and in the latter case often 
peppered through in poikelitic fashion, by afwillite. Analysis of the et- 
tringite showed the presence of considerable AlyO3, S102 and COs, and 
single photographs gave a unit cell with twice the a dimension of the 
published value for ettringite. Accordingly, this material was considered 
to be an allied but new mineral, and given the name woodfordite by 
Murdoch (1958). However, re-examination of the unit cell dimensions of 
ettringite showed the calculation of the @ axis to be in error. The true 
value is double, thus making the cell size identical with woodfordite. It 
was then considered that the difference in composition was not enough 
to warrant making a new species, and that woodfordite should be con- 
sidered as a variant of ettringite. 
This group of vein minerals should probably be referred to a very late 
hydrothermal stage in the contact process. Further from the contact, 
with less complete silication, the invading minerals take the form of small 
grains disseminated in the calcite. These grains range in shape from 
‘smoothly rounded pellets to nearly perfect crystals. The commoner min- 
erals involved are idocrase, diopside, wilkeite (less commonly with de- 
velopment of crystal faces), spinel, a colorless to gray monticellite (prac- 
tically never showing crystal outlines). More rarely we find chondrodite, 
perovskite, and magnesioferrite. 
In this sparsely mineralized region, wilkeite is usually more or less 
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completely altered to the mineral called crestmoreite by Eakle. This has 
been shown to be tobermorite, practically all with residual wilkeite, 
even down to the submicroscopic state. The enveloping calcite is appar- 
ently entirely unaltered, but here again, as in the case of scawtite, afwil- 
lite, and mineral Z, the alteration is probably late hydrothermal in char- 
acter. 

In the Sky Blue limestone just below Burnham’s locality N on the 
910’ level of the Commercial quarry, there are various stringers of peg- 
matitic material carrying gray diopside, quartz, orthoclase and sporadic 
merwinite. Closely associated with these is a mass of mangesium-rich 
limestone carrying several borate minerals. One of these is ludwigite, 
occurring in small well formed black prismatic crystals. Another is a 
hydrous magnesium borate which appears to be a new species. It occurs 
as single prismatic individuals or clusters of prisms, colorless but usually 
with minute black flecks arranged in parallel position. Crystal outlines 
are usually poor, although good faces occur in the prism zone. The 
matrix is a mixture of rather coarse grains of calcite and dolomite. Late, 
probably hydrothermal action has reduced many of the borate crystals 
to white powdery szaibelyite and an unidentified magnesium carbonate. 
Chemical analysis shows hydroxyl as well as water of crystallization and 
a ratio MgO to BOs of five to one. A detailed description of this minezal 
is in progress. Closely accompanying this borate, we find feathery sprays 
of another unknown mineral, probably a borate, altered to white szai- 
belyite. This material needs further study. 

Locally, notably in material from the Lone Star or Wet Weather 
quarries, galena and sphalerite are relatively abundant, and appear with 
their oxidation products anglesite and cerussite, hemimorphite and 
smithsonite. A perceptible cadmium content of the sphalerite is revealed 
by rare coatings of bright orange greenockite. After the closing down of 
these quarries, a good deal of this sort of material was available for a 
while from a dump ridge along the eastern boundary of the company’s 
property. This dump unfortunately is now buried under sand from an 
extensive stripping operation. 

I have tried to give you my impression of Crestmore as I have known 
it, a wonderful collecting ground and a place worthy of the enthusiasm of 
any ardent mineralogist. In closing, I wish to express my deep apprecia- 
tion of the favors and courtesies extended to me over the years, by the 
Riverside Cement Company and its staff. Not only have they supplied 
me with invaluable pictures and information, but during all my visits to 
Crestmore I have had the most pleasant personal relationships in all my 
contacts there. 
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VULCANITE, A NEW COPPER TELLURIDE FROM 
COLORADO, WITH NOTES ON CERTAIN 
ASSOCIATED MINERALS 
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ABSTRACT 


A copper telluride found in specimens from the Good Hope Mine, Vulcan, Colorado, 
has been determined to be a new mineral. It is named vulcanite, from the locality of the mine. 

Vulcanite forms light bronze to yellow-bronze aggregates of prismatic or bladelike to 
irregular grains of metallic luster. One prominent cleavage and one less prominent are 
probably pinacoidal. Twinning nearly at 45° to the prominent cleavage is shown. Hardness 
is between 1 and 2; specific gravity is indeterminate owing to impurities. In polished sec- 
tion, vulcanite is strongly bireflectant (reflectivity in white light is ca. 36.0% to 58.5%), 
varying from bright yellow to yellow-white to medium blue-gray. Extinction is parallel to 
cleavage and the long axes of laths. Rotation sense is (— ) relative to the prominent cleavage. 
Anisotropism is very strong; polarization colors are yellow-white, grayish yellow-white, 
yellow-orange, gray. Phase difference in white light is (—); elongation on the prominent 
cleavage is (—). Rotation angles (corrected A;) range from 17.2°+0.6° at 470 mu to 24.7° 
+0.6° at 650 mu. Phase differences (2:3) range from 58.0°+6.0° at 470 mu to —9.0°+1.8° 
at 650 mu. Microchemical tests show Cu and Te; etch tests are positive for 1:1 HNOs, 1:1 
HCl, FeCl;, and KCN, negative for HeCl. and KOH. 

X-ray powder diffraction data show that vulcanite is orthorhombic, with cell dimen- 
sions 2=4.09 A, b=6.95 A, and c=3.15 A. These values are in close agreement with those 
found for synthetic CuTe by Anderko and Schubert. The probable space group is Pmnm. 

Twinning and intergrowths in rickardite associated with vulcanite are described briefly. 
A second telluride, also apparently new, is briefly described pending further investigation. 


INTRODUCTION 


During an investigation of the rotation properties of rickardite in 
U. S. National Museum Specimen R-933, from the Good Hope Mine, 
Vulcan, Gunnison County, Colorado, a mineral with even more remark- 
able optical properties was noted. The same mineral was subsequently 
found in United States National Museum Specimen 85136, from the 
same locality. Investigation indicates that it is a compound of copper 
and tellurium having unit cell constants essentially in agreement with 
those given by Anderko and Schubert for synthetic CuTe, a compound 
not heretofore reported as a mineral. The mineral therefore appears to be 
a new species. We propose to name it vulcanite, after the locality of the 
Good Hope Mine. 


4 


DESCRIPTION OF VULCANITE 


Both specimens studied consist of fragments of mineralized rock ce- 
mented by rickardite, vulcanite, and native tellurium. Intergrown 
rickardite and vulcanite form a layer 0.5 to 3 mm. thick encrusting each 


258 


VULCANITE, A NEW COPPER TELLURIDE 259 


ock fragment. In general, rickardite predominates in the outer part of 
he layer, next to the rock fragments, whereas vulcanite predominates 
m the inner part. Tellurium fills the remainder of the spaces between 
iragments and forms scattered minute grains and small patches in the 
ickardite-vulcanite crusts as well. 

In hand specimen, vulcanite is light bronze to yellow-bronze, with a 
metallic luster. No crystals are present, hence the morphology cannot be 
letermined. Cleavage is visible on broken surfaces, but the number and 


Fic. 1. Elongate irregular laths of vulcanite (pale gray to medium gray) partly replaced 
’ tickardite (dark gray). Native tellurium (white) forms three minute northeast-trending 
aims and an irregular patch at the northeast corner of the photograph. Plain light, 130. 


rientation of cleavages are indeterminate. Owing to intergrowth with 
ckardite, pure material for determining specific gravity is unobtainable. 
he material is extremely soft (1-2) and somewhat sectile. 

Under the microscope, vulcanite grains range from lath-shaped to 
sarly equant to irregular (Fig. 1). Many grains fall in the range from 
1 mm. to 1.1 mm. in length, but where partial replacement by ag 
2 is shown (see below) remnants of vulcanite crystals measurable in 
icrons are abundant. A prismatic or blade-like habit is suggested. Some 
th-shaped grains have a well-developed lengthwise cleavage, ae 
ow a poorly developed cleavage at right angles to the Su and a 
hers show only the poorly developed cleavage. We judge that bot 
savages are pinacoidal. Extremely thin twin lamellae along planes 
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nearly but not quite at 45° to the prominent cleavage occur in some 


grains. 
The optical properties of vulcanite are so distinctive that identifica- 
tion of the mineral is a simple matter. They are as follows: 


Color: bright yellow or yellow-white to medium blue-gray. 

Reflectivity (photoelectric method in white light): maximum, 58.5%, minimum 36.0%. 
These values are low, possibly by as much as 23%, because there are no grains en- 
tirely free of scratches, pits, and inclusions of rickardite. 

Bireflectance: very strong, as indicated by reflectivity values. Grains showing the well-de- 
veloped cleavage are bright yellow when the cleavage is parallel to the polarizer vibra- 
tion plane, blue-gray when the cleavage is at the perpendicular position. Elongate 
grains lacking the prominent cleavage are bright yellow when the long axis is parallel 
to the polarizer, bluish-gray at the perpendicular position. 

Extinction: parallel to cleavage and elongation of laths. 

Rotation properties (2): 

Rotation sense: (—), relative to the well-developed cleavage and to long axes of plates 
showing this cleavage. 

Anisotropism: very strong; polarization colors (nicols crossed) brilliant yellow-white, 
grayish yellow-white, yellow-orange, gray, depending on orientation. 

Phase difference in white tight: (4+-); the gypsum plate is strongly affected. 

Elongation in white light: The principal cleavage direction is length fast. Plates lacking 
prominent cleavage are length slow. 

Polarization figure: DR, weak, DA, strong. The field between the isogyres at the 45° 
position is orange; the areas outside the isogyres are blue. 

Rotation angles and values of 20: 


A,, observed, A,, corrected : 

: : 23 in degrees 

in degrees in degrees 
470 mp AMET af) iin 2eeO 58.0+6.0 
520 mu Zao aes.O 20.4+ .4 Qo MosoeU 
546 mu ZOR2EEISO 21.84 .4 26-5220 
589 mu 28.22.76, 23 2025.9 OnleE eS 
620 mu 28.9+ .6 PRN SI SS a DO Lee 
650 mu PASE }a2 o// 24.7+ .6 — 9.0+1.8 


In the above, A,, corrected, is the observed rotation angle corrected for the additional 
rotation produced by the reflecting plate (2). The value given for 28 is the corrected value. 
Vulcanite in sodium light gives the highest values of A; yet recorded for any mineral. 

Microchemical: Tests for Cu and Te positive. Etch tests: 1:1 HNOs effervesces, staining 
dark gray; 1:7 HNO; effervesces after about 20 seconds, stains brownish-gray, and brings 
out cleavage; HCI bleaches grayish-white; FeCl; instantly darkens, staining light brown; 
KCN bleaches and then stains light brownish-gray; HgCl. and KOH negative. 


X-RAY DATA FOR SYNTHETIC CUTE AND VULCANITE 


In 1954, Anderko and Schubert (1) reported a study of the system 
Cu-Te in the region from about 34 to 67 at. % Te. They prepared mixtures. 
in various proportions from electrolytic copper and tellurium of a purity 
of 99.7%, Samples weighing from 1 to 20 grams were fused in evacuated 
quartz tubes in a Tamman oven. Maximum weight loss due to volatiliza- 
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Hon of Te in any experiment was 0.4%. Temperatures of fusion ranged 
| pward of 600° C. X-ray and microscope studies of the products were 
supplemented by dilatometer studies. At compositions in the vicinity of 
50 at. %, they obtained mixtures of Cu,Te3* (synthetic rickardite) and 
” second phase of entirely different properties. In some preparations, 
small amounts of native tellurium were also present. From the phases 


800 


400 


40 50 60 70 80 90 Te 
Atomic % Te 


Fic. 2. Tellurium-rich portion of the system copper-tellurium, 
from Anderko and Schubert. 


ound at various temperatures and from x-ray studies, they concluded 
hat the second phase had a composition very close to CuTe. Phase rela- 
ions in the tellurium-rich portion of the system Cu-Te as interpreted by 
Anderko and Schubert are shown in Fig. 2. CuTe appears as a product 
f peritectic reaction of CusTe; with liquid at about 365° and 67 at. % Te. 

From «x-ray powder and single crystal data, Anderko and Schubert 
oncluded that CuTe is orthorhombic, with a=3.15+0.02 kX units, 
=4.0740.02 kX units, and c=6.92+0.02 kX units. They calculated 
hat the unit cell contains 2 Cu and 2 Te and that the space group is 


-mnmM. 
X-Ray INVESTIGATION OF VULCANITE 


X-ray powder diffraction data for vulcanite are given in Table I. The 
alues obtained for interplanar spacings agree with values calculated 


* According to Forman and Peacock (4), the formula of rickardite is Cuz, Tes. 
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from values of sin?@ for CuTe given by Anderko and Schubert. The pat- 
tern is indexed on the basis of an orthorhombic unit cell with a=4.09 A, 
b=6.95 A, and c=3.15 A. These values are in close agreement with those 
of Anderko and Schubert, except that we have transposed the axes to 
agree with the conventional form 6>a>c. If the axes as reported by 
Anderko and Schubert for CuTe are similarly transposed, the space 
group for CuTe becomes Pmnm. 

Several fragments of vulcanite were removed from our specimens for | 
single crystal photographs, but all photographs taken are too indistinct | 
to be usable, apparently because the fragments were deformed during | 
removal. Extreme care in removal of fragments from the polished sur- | 
faces failed to resolve the difficulty. 


TABLE I. X-Ray PowDER DaTA FOR VULCANITE (CuTe) 


Pmnm; ao=4.09 A, bo =6.95 A, co=3.15 A 
Cu/Ni radiation, Ke=1.5418 A; Camera diameter 114.6 mm. 


I (Est.) d(Obs.)t d(Calc.) hkl I (Est.) d(Obs.)f d(Calc.) hkl 


4 6.94 6.95 010 2 15245 21522 041 
0.2 3.88* a (1.438 112 
6 3.52 3.52 110 = ry \ 1.435 022 
3 3.47 3.48 020 1 1.425 1.426 141 
0.2 3.344 1 1.391 1.390 050 
0.2 3.23* 0.5 1.376 — 4138 231 
0.2 3.18 3.257 2001) 0.5 1.353 1.354 122 
7 2.86 2.87 O11 0.5 1.337. + 1.338 310 
3 2.65 2.65 120 1 1/304" (4874 240 
1s 2.49 2.50 101 0.5 1.301 1.302 032 
(2.34 021 (1.272 051 
3 DoaSe 2 se 
\2.35 111 BATS “\1,260% (gee 
3 2632 2.32 030 4 f1.251 301 
0.5 2.24% ; 1 2 4s, are 
2 2.05¢ 2.05 200 2 ee eam lay C8 132 
{2.03 121 (£2225) 7 1eae8 212 
10 2.03 Paes: cars “4 
\2.02 130 : Lake OP 
aS 1.866 1,866 031 t " 330 
2.5 LTO ate 7620 RDO 2 eee ee 
0 1.738) « e788 040 0.2 1nhS8 n.d 
0.2 1.701 1.698 131 0.2 1.150 n.d 
2 1.665 1.665 211 2 1.115 n.d 
0.2 1.597 1,599 140 0.5 1.100 n.d 
ies 1S76 e575 002 1 1.081 n.d 
; pe eee 230 


536 012 


* Lines due entirely or in part to native tellurium. 
} Lines due entirely or in part to rickardite. 
} Corrected for film shrinkage. 
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In our powder photographs, there are a number of weak lines that can- 
not be indexed. These are probably due to impurities of rickardite and 
native tellurium. One line at 3.18, not accounted for by these contami- 
nants, is near the calculated value of the (001) reflection of vulcanite. 
However, if the space group of vulcanite is Pmnm, indicated by Anderko 
and Schubert for synthetic CuTe, this reflection is prohibited. It is quite 
possibly due to some unidentified impurity, particularly since the differ- 
ence between observed and calculated values is 0.03. Except for the line 
at 3.18, the indices for other lines are consistent with space group Pmum; 
however, there are insufficient reflections of the type (H0/) to prove con- 
clusively that vulcanite belongs to this space group. 

So far as the optical and physical properties of CuTe are given by 
Anderko and Schubert, they agree with those observed for vulcanite. 


TEXTURAL FEATURES OF VULCANITE AND ITs RELATIONS 
TO RICKARDITE AND TELLURIUM 


_ The outstanding textural features of the specimens studied are the 
variety and complexity of intergrowths of vulcanite and rickardite and 
the relationships of these two minerals to native tellurium. The simplest 
intergrowths are of the type shown in the central part of Fig. 3, in which 
thin blades of rickardite occur in two sets oriented at a high angle to one 
another and roughly at 45° to the length of the vulcanite host grain. 
Vulcanite grains showing the prominent cleavage may show two sets of 
nclusions, like the grain figured, and a third set parallel to the cleavage. 
These intergrowths are of the kind commonly produced by exsolution. 
Anderko and Schubert found identical intergrowths in synthetic CuTe 
ind concluded that with cooling, excess Cu in CuTe was exsolved as 
‘ickardite. The similarity of intergrowths in the synthetic and natural 
materials is so remarkable that one would infer that vulcanite, as ini- 
jally deposited, was likewise a solid solution. 

In the natural material, however, a variety of intergrowths due to 
yartial replacement of vulcanite by rickardite is present. In the rickard- 
te-vulcanite crusts, vulcanite is most abundant in a zone bordering 
1ative tellurium. In this zone, only incipient replacement by rickardite 
s shown. Away from the native tellurium, the grains of vulcanite show 
srogressive replacement by rickardite, and adjacent to the rock frag- 
ments there is a zone in which only remnants of vulcanite are present. 
Replacement is guided by the same sets of planes in vulcanite as those 
Jong which rickardite inclusions occur in Fig. 3. The relationships are 
hown in Fig. 4. In the central part of the figure irregular laths of vul- 
anite extend nearly across the full length of the photograph. At the bot- 
om, where vulcanite borders a body of native tellurium, replacement of 
‘ulcanite by rickardite has not progressed far, but in the upper part of 
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the photograph replacement is nearly complete, and only remnants of 
the laths remain. In the incipient stage, however, oriented inclusions of 
rickardite in vulcanite are produced. Every gradation between inter- 
growths of the type of Fig. 3 and those of Fig. 4 is shown in polished 
sections. The replacement intergrowths are also illustrated in Fig. 1. 

In view of the complexity of relationships, the origin of individual 
intergrowths is not always clear. We judge, however, that intergrowths 
such as those of Fig. 3 are due to exsolution of rickardite from vulcanite. 

Textural relationships of native tellurium to the other minerals are 
likewise varied. Boundaries of tellurium with vulcanite and rickardite 
are in general complex and interpenetrating. Tellurium has formed by 
replacement of the other two minerals, along grain boundaries, along 


Fic. 3 (left). Vulcanite (pale to medium gray) and rickardite (dark gray), with a patch 
of native tellurium (white, bottom margin). The oriented intergrowth in the vulcanite 
grain in the central part of the field, and similar intergrowths elsewhere in the field, have 
the characteristics of exsolution intergrowths. The coarser intergrowths at the top and 
lower left are of the type produced by partial replacement of vulcanite by rickardite, as 
illustrated in Fig. 4. Plain light, < 190. 

Fic. 4 (right). Progressive replacement of irregular laths of vulcanite (pale gray to 
medium gray) by rickardite (darker shades of gray), guided by crystallographic directions 
of vulcanite. At the bottom, rickardite occurs as thin discs and incipient networks in 
vulcanite. At the top, only remnants of vulcanite in rickardite are present. Plain light, X70. 
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cleavages and other crystallographic planes, and locally along fractures. 
Despite the gross crustification shown by the ore specimens, the three 
minerals have clearly not formed by simple cavity filling. 

The paragenetic sequence indicated is therefore vulcanite (earliest), 

‘ickardite, and tellurium (latest). This means a change, in successive 
yhases deposited, from Cu:Te=1:1 to Cu:Te ca 4:3, and then to 
-u:Te=0. This is a puzzling sequence—a simple sequence tellurium- 
vulcanite-rickardite, involving a progressive increase in Cu:Te ratio, or 
i sequence rickardite-vulcanite-tellurium, involving a decrease in Cu: Te 
‘atio, would be easier to understand. The experiments of Anderko and 
Schubert are of interest here. They found that in alloys with composi- 
ions in the neighborhood of 50 at. % Te, the phases present and their 
abric depend on the conditions of cooling. A melt of 50 at. % Te at 
}00° C., when quenched in water (their Fig. 3) gave a mixture of CusTe;, 
“uTe with exsolution discs of CusTes, and a eutectic of CuTe and Te. 
his is a disequilibrium assemblage, for the stable phases at this com- 
position (Fig. 2) should be CusTe3; and CuTe. The ore here described 
vould appear likewise to be a disequilibrium assemblage, but in all 
probability was formed in an open system rather than a closed one. 
_ As an alternative, it may be that in the ore body as a whole vulcanite 
vas replaced by rickardite, in open system, and that the excess tellurium 
ras taken into solution but later deposited at certain points in the ore 
ody, partly by replacement of both the earlier minerals. Without knowl- 
lige of mineral relations throughout the ore bodies of the Good Hope 
‘fine, including the three-dimensional mineral distribution and propor- 
‘ens therein, the interpretation is purely speculative. However, from 
se work of others on ores of the Good Hope Mine, it seems evident that 
ae ores varied in mineral composition from place to place, and that vul- 
anite was not-everywhere present. So distinctive a mineral could have 
carcely have been overlooked. 

In the synthetic system (Fig. 2), CuTe is deposited at a temperature 
2tween 340° C. and 365° C. The direct applicability of the phase dia- 
cam to natural systems, however, is open to the usual questions. 


WATANABE’S WORK ON WEISSITE 


So far as we can determine, CuTe has not previously been recognized 
a mineral. However, in 1938 (5), and again in 1950 (6), Ramdohr re- 
rred to a work in Japanese by M. Watanabe, in which both natural and 
:nthetic copper tellurides were apparently discussed. Ramdohr stated 
‘at according to Watanabe’s findings, weissite corresponds to artifi- 
uly prepared CueTe, which can hold about 59% Te in excess and then 
rees fully with analyzed natural weissite. Watanabe described weils- 
-e, however, as cream-white to dark blue, whereas Ramdohr and other 
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investigators (7, p. 113; 8, p. 357) describe weissite as light gray, similar 
to chalcocite, weakly bireflectant, and moderately anisotropic in pink, 
bluish gray, and blue. Weissite as thus described has been definitely es- 
tablished as a mineral species (8), but it is clearly not vulcanite. Yet 
from Watanabe’s description of bireflectance as quoted by Ramdohr, it is 
conceivable that the substance described by Watanabe as weissite may 
actually have been that described here as vulcanite. Unfortunately, 
Watanabe’s work is not available to us. 


NOTES ON RICKARDITE 


Rickardite in the specimens studied exhibits a complex pattern of poly- 
synthetic twinning along two sets of planes that are probably at right 
angles to one another (Fig. 5). This type of twinning is strongly sug- 
gestive of inversion from a high-temperature form to a low-temperature 
form. In 1907, from a study of the system CuTe, Chikashige (3) recog- 
nized an inversion at or near 365°, and this temperature has been con- 
firmed by Wassermann, Wallbaum, and Keymling (private communica- 
tion to Anderko and Schubert) and by Anderko and Schubert (1). The 
latter authors (their Fig. 1) show twinning in synthetic CuiTe; that 
appears identical with that of our Fig. 5. Ramdohr (6) noted inversion 


Fic. 5. Rickardite (medium to dark gray), showing complex twinning. In the large 
crystal in the upper half of the field a thin blade of vulcanite (white) is oriented at about 
45° to the twinning, but other blades show variation in orientation. White to light gray 
grains are vulcanite. Crossed nicols, x 140. 
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twinning in rickardite from the Good Hope Mine and suggested that the 
high temperature form might be cubic. Anderko and Schubert obtained 
a diffraction pattern from the high-temperature form, but the vagueness 
of the lines at high reflection angles prevented definite indexing. They 
state that a cubic indexing appeared excluded, but a relationship to the 
structure of CuS appeared to be shown. 

The orthogonal pattern of twinning shown by rickardite in the ma- 
cerial studied here suggests that the high-temperature form has either a 
cubic symmetry as suggested by Ramdohr, or a higher order of tetrag- 
pnal symmetry, but further investigation of this matter is necessary. 

_ Just as vulcanite contains inclusions of rickardite, rickardite in many 
places contains oriented inclusions of vulcanite that appear to be of the 
-ame origin and suggest that rickardite, as first deposited, contained 
*xcess Te. The inclusions are commonly oriented at about 45° to the 
romplex twinning, more rarely parallel to it, but there is some variation 
in orientation. 


| 


UNKNOWN MINERAL 


] 
; 


An unknown mineral occurs in the polished sections studied as patches 
‘? anhedral grains with the following properties: 


yolor: medium brownish-gray (liverwurst gray). 

Peflectivity: 32% in white light, by photoelectric method. 

) weflectance: weak but perceptible, more grayish to more brownish as the stage is rotated. 
specific gravity: not determinable from material at hand. 

“ardness: not greater than 2. 

.leavage and twinning: none observed. 

olishing characteristics: polishes smoothly. Polishing hardness < vulcanite and rickardite. 
i nisotropism: distinct; polarization colors (nicols exactly crossed) medium gray, slate-gray, 
gray with brownish tint. With analyzer slightly uncrossed, a golden-brown color is seen. 
olarization figure: at 45° position isogyres are black, with an orange tint on concave sides. 
Center of field is bluish gray. 

aon of phase difference in white light: (—), effect on gypsum plate is distinct. 

wotation angles and 20: 


Wavelength a iia oan 20 in degrees 
470 mp 2.24.1 1.8+.1 Ss bia 
520 my 1.5+.1 1.2+.1 =e Jaeal 
546 my 1.3+.1 1.0+.1 hase | 
589 mu 0.8+.1 0.64.1 —2.4+.1 
620 mu 0.44.1 0.34.1 ciegn Oe I 
650 mu 0.0+.2 0.0+.2 4+3.1+.1 
589 my 0.9+.1 0.74.2 23.7.1 


(oil 1.515) 


The corrected values are the observed values corrected for the effect of the reflecting 
‘ate. Values for 28 are corrected values. It will be noted that the mineral is essentially iso- 
ppic at 650 my and that the sign of 2 passes through zero between 589 my and 620 mp. 


268 E. N. CAMERON AND J. M. THREADGOLD 
° 

Qualitative microchemical tests indicate that the mineral contains Cu and Te, but ma- 
terial sufficient for quantitative chemical analysis or for spectrographic analysis with 
equipment available to us cannot be obtained from the specimens. 

The X-ray powder pattern of the mineral cannot be identified with that of any known 
mineral species. Incomplete single crystal studies indicate that the mineral is hexagonal. 
Further studies are in progress and additional material is being sought with the aim of 
characterizing the mineral properly. 
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Note: On the eve of transmittal of the manuscript of this paper, the authors received a 
communication from Dr, Paul Ramdohr, saying that he has been studying a mineral, in an 
ore from a Japanese locality, which he concludes is also CuTe. This indicates a second oc- 
currence of vulcanite. Like the authors, Dr. Ramdohr infers that the pleochroism reported 
by M. Watanabe for weissite was that of natural CuTe. i 
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DIELECTRIC BEHAVIOR OF ROCKS AND MINERALS* 


i F. Howe t, Jr. anp P. H. Licastro,t Department of Geophysics and 
Geochemistry, The Pennsylvania State University, State College, Pa. 
| ABSTRACT 


A reconnaissance study of the dielectric constants of twenty-three common mineral 
ind seventy-one rock samples was made at thirteen frequencies in the range 50 cps to 
)0 megacycles. Dispersion was observed for all rock samples tested and for a few minerals 
|t the lower end of the frequency spectrum. Moisture in a rock can increase the dielectric 
nstant by an amount greater than is predicted by simple mixing rules. Water appears 
» be the principal constituent of the rock controlling the dispersion. The observed dis- 
yersion was similar in form to Maxwell-Wagner type polarization, but was quantitatively 
nuch greater. Some form of electrode or membrane polarization appears to be the most 
kely explanation. The dispersion is probably a result of the same mineral properties on 
lyhich induced-polarization methods of geophysical prospecting are based. 


| 
| INTRODUCTION 


| The electrical behavior of matter is controlled basically by three phys- 
tal properties: electrical conductivity, magnetic permeability and di- 
diectric constant. Values of the electrical conductivity and magnetic 
ae of mineral materials and the factors controlling their varia- 
cons are relatively well known. On the other hand, the dielectric behavior 
ii matter is less studied and more poorly understood than almost any 
‘ther physical property. This paper reports a reconnaissance study of the 
lielectric behavior of a few common earth materials, and it attempts to 
explain their behavior in terms of fundamental physical processes. 

| Dielectric “constant” is not a constant at all in the usual physical 
aeaning of the word. It is a property which depends on such variables as 
emperature, pressure and frequency of alternating voltage. Punda- 
eentally, it is the ratio of the average electrical charge displacement per 
wit area in a body to the electrical stress displacing it. Mathematically 
mis Is expressed 


D=KKE (1) 


there D is the vector electric displacement, E is the vector electric field, 
is the relative dielectric constant and K, the permittivity of a vacuum. 

‘It is more common to find dielectric constant defined in terms of a 
beallel- -plate capacitor. According to this definition, the dielectric con- 
jant of a material is the ratio of the capacitance, C, of the capacitor 


-* Contribution No. 59-37, College of Mineral Industries, The Pennsylvania State Uni- 
irsity. 

+ This article is a condensation of a Ph.D. thesis by the junior author. The complete 
sesis is on file in The Pennsylvania State University Library. 
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with the material between the plates to the capacitance, Co, of a similar 
capacitor in vacuo 


Cc V 
fe Ne 


=—= (2) 
Co qo/Vo 


where the charge on the plates and the voltage between them are qg and 
V with the material present, and go and Vo in vacuo. 

The amount of charge which will exist on a pair of plates held at a 
given potential with respect to each other depends on the nature of the 
material between the plates. The dielectric constant of a material is 
equal to the ratio of the charge which will be present with the material 
between the plates to the charge which will be present in vacuo. Thus, 


No Field Field Applied No Field Field Applied 
SS 
a Bes 
© P ae B Sau 
o. Electronic Polarization c. Dipole Polarization 
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Fic. 1. Different types of polarization (after Von Hippel 1954A). 


the larger the dielectric constant of the material, the larger the charge 
which will be present. 

The charge on the capacitor plates is present because of polarization 
which occurs within the dielectric material. There are a number of dif- 
ferent ways in which this polarization can occur. In all cases the polari- 
zation is a result of the relative displacement of positive and negative 
charges within the material. The different types of polarization generally 
take different lengths of time to form, which is equivalent to saying that 
each can be observed only below a characteristic frequency of alternating 
voltage. Electronic polarization (Fig. 1) results from displacements of the 
electron clouds surrounding an atomic nucleus. Such displacements can 
occur at frequencies in the visible and ultra-violet spectrum. Resonances 
of the electrons involved in displacements of this sort contribute to the 
absorption spectrum of a material. 

Another cause of polarization is the motion of atoms in a crystal lat- 
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tice. In an electrical field the positively and negatively charged atoms are 
displaced from their normal positions in very small amounts. Such dis- 
placements become important at lower frequencies than for electronic 
polarization. Resonances occur typically in or near the infra-red spec- 
trum. 

A third type of polarization becomes important at radio frequencies. 
Debye (1912) postulated that the molecules of substances in which 
charges are not symmetrically arranged possess an electric moment 
hich is characteristic of the molecule. When an electric field is applied, 
these molecules tend to align themselves with their dipole axes in the 
irection of the field. This is called dipole polarization. It can result also 
from alignment of domains or defects in a solid. 

The three types of polarization considered so far are to be expected in 
homogeneous materials. In heterogeneous materials there is an addi- 
tional type of polarization which can occur. In many materials some of 
the charges are relatively free to move about within the material. The 
Hegree of freedom depends on the material. In copper and aluminum 
éome electrons are particularly free, resulting in high conductivity for 
hese materials. In electrolytes both positive and negative ions are free 
co move. Even in relatively good insulators a few charges may be free 
co travel limited distances. If two materials adjoin in which the freedom 
of the charges to move differs, charges will accumulate along the inter- 
ace in the presence of an electrical field. This phenomenon is called inter- 
acial polarization. Interfacial polarization generally takes longer to form 
|than the other types discussed. Therefore, it is rarely important above 
Fadio frequencies. Because of the effects of interfacial polarization, it is 
|bbvious that the dielectric constant of a mixture of materials may exceed 

hat of either material alone. 
| As a result of these different mechanisms, dielectric constant will 
kenerally be greater at low frequencies than at high frequencies. Each of 
he different types of polarization adds to the dielectric constant. This is 
thown schematically in Fig. 2. In the case of electronic and atomic 
joolarization, resonances are commonly sharp, so that there may be 
Joeaks and troughs in the curve. Sharp fluctuations are less common for 
ilipole and interfacial polarizations. Ideally, the polarization takes effect 
-symptotically centered on a frequency known as the relaxation fre- 
luency. Figure 2 is drawn diagramatically to bring out the separate ef- 
lects. Actually the several steps of dielectric-constant increase may 
hnerge. For a heterogeneous material like a rock, it would be expected 
that there might be as many forms of interfacial polarization as there 
tre varieties of interface between the various grains and contained fluids. 


— 
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EXPERIMENTAL PROCEDURES . 


Dielectric constant was determined by measuring the capacitance of a 
parallel-plate capacitor with a round disc of the material being tested 
between the plates. To obtain these discs, plugs were cut from rock and 
mineral specimens using a diamond core drill. A range of sizes from §” 
to 2” diameter was obtained, depending on the size of the original speci- 


men. Discs from 50 to 150 mils thick were sliced from the cylindrical 


Electronic 
Atomic 
Dipole + 


Interfacial ——— | 


Xe+atpti 


Dielectric Constant 


Frequency 


Fic. 2. idealized graph showing the variation of dielectric constant with frequency 
as a result of different types of polarization. 


cores using a diamond saw. The discs were ground and polished to obtain 
as nearly as possible smooth, parallel faces. Because of porosity, the rock 
surfaces generally retained some roughness. 

Since failure to make intimate contact between the sample and the 
plates of the capacitor may result in a series air capacitance, metallic 
electrodes were affixed directly to the sample. One type consisted of 50- 
50 per cent tin-lead foil coated with petrolatum and pressed onto the 
sample face with a rubber roller. Under vacuum the foil sometimes 
loosened and separated from the sample, so that for most measurements 
it was replaced by a coating of conductive silver paint brushed onto the 
sample surface. 

It is obvious from the discussion presented above that it is desirable 
to measure dielectric constant over as wide a range of frequencies as pos- 
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sible. Comparison of the measurements reported below with those of 
other investigators was of doubtful meaning in many cases because the 
frequency at which the other measurements were made was not reported. 
n the research described below capacitance was measured at a sequence 
f thirteen frequencies between 50 cycles per second and 30 megacycles. 
t least two measurements were made per decade. It was felt that this 
would permit the observation of any dispersion phenomena inasmuch 
us such phenomena are usually observable over several decades. Below 
00 kilocycles a General-Radio Model 716-C capacitance bridge was 
sed, with a Hewlett-Packard Model 200-C audio oscillator for a signal 
source and a General-Radio Model 736-A wave analyzer for a null de- 
tector. The bridge signal was monitored with a cathode ray oscilloscope. 
Above 400 kc. a General-Radio Model 821 Twin-T bridge with a Gen- 
eral Radio Model 1330-A oscillator and a Collins Model 51J-3 communi- 
pations receiver for a null-detector was used. The bridges were balanced 
oth for capacitance and resistive loss. As the bridges are intended for 
ise with low-loss capacitors only, their accuracy becomes poor for ca- 
pacitors having appreciable conductance. Therefore, the dielectric con- 
stants of the more highly conductive minerals such as most sulfides and 
tully water-saturated sedimentary rocks can not be determined by this 
apparatus. 

An important aspect of dielectric measurements is the means of hold- 
ng the sample during the measurement. One of the main requirements 
slaced upon a sample holder is that the configuration of the electrodes be 
uch that the distribution of the field is known. Initial measurements 
‘ere carried out using a General Radio Model 1690-A sample holder. 
This unit, utilizing circular-plate electrodes, is a refined model of the 
tample holder described by Hartshorn and Ward (1936). The electrode 
turfaces are precision-ground and a precision micrometer screw is used 
to drive the movable electrode with respect to the fixed electrode. 
| Early measurements on rock samples which had been oven-dried prior 
bo measurement indicated that the samples were possibly adsorbing 
Brite amounts of moisture from the atmosphere, which led to consider- 
iLble variation in their dielectric constants during the course of measure- 
ment. To remedy this, an air-tight container was placed around the 
iample holder and a desiccant (P20;5) was put inside. Although this ap- 
oeared to reduce the variability, some drift of dielectric constant was 
till noted. This led to the construction of an evacuable sample holder 
consisting of a brass plate contacting the bottom of the sample and a 
sonical point electrode on a micrometer adjustment contacting the con- 
luctive-paint film on the top of the sample (Fig. 3). 

In the case of dry samples, after cutting and applying electrodes to the 
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sample faces, the sample was placed in a 100° C. drying oven for a mini- 
mum of 24 hours. The sample was then removed from the drying oven 
and immediately placed in the sample holder. Evacuation was initiated 
and maintained at several millimeters of mercury for at least an hour 
prior to measurement. Evacuation was continued during the course of 
measurement. This same holder without evacuation was frequently used 
when measurements were made under room or natural conditions. 

Where samples containing moisture were measured, partial satura- 


Fic. 3. Evacuable cell for dielectric-constant measurements. 


tions were obtained using evaporation techniques described by Holmes 
(1954, 1958). Since several per cent weight loss normally occurred dur- 
ing the time of measurement, the water saturation was taken as the 
average of the saturations determined by weighing immediately prior ta 
and after measurement. 

For measurements at elevated temperatures, the sample holder con- 
sisted of an oven (Temco Model GRP) with two stiff bare copper wires 
with silver tips. The sample was placed between these wires, one ol 
which was pivoted. Temperature was measured through use of a thermo: 
couple placed in close proximity to the sample. 

Except where otherwise stated, all measurements were made at room 
temperature which ranged between 22° C. and 34° C. 

The precision capacitors in both capacitance bridges used in this re 
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search are claimed by their manufacturer to provide direct readings 
correct to +0.2 wuf. When corrections supplied with the bridges are 
used, in conjunction with measuring differences in capacitance rather 
than a single direct reading, an accuracy of +0.1 Kuf is claimed. Since 
the lowest value of a sample capacitance read was 5 uuf, this represents 
‘maximum inaccuracy of 2 per cent under most circumstances. The in- 
‘strument can be read to a precision of about 0.05 up/. 

In measuring values of capacitance which fell beyond the limits of the 
standard bridge-balancing capacitors (1000 uuf), as was the case for the 
tocks containing bulk moisture, external variable capacitors (CDB-S, 
CDC-5) were required. The tolerance of these as specified by the manu- 
facturer was +5 per cent. 

_ It was possible to repeat null positions to within one half of a scale 
‘division, each division being 0.1 wuf. A check on the over-all instrumenta- 
ition was made by measuring a sample (of Kralastic EBMU) which had 
| been previously measured at the General Radio Company and checked 
-against their calibration standards. Their value for its dielectric con- 
stant was 4.46 as compared to a value of 4.48 obtained here. 

_ To check the reproducibility of the measurements made on individual 
“samples, the general practice of repeating the 50 cps measurement after 
-cach run was established. For the minerals and dry rocks, a maximum 
‘dielectric-constant variation of eight per cent was found between the two 
‘readings. In a majority of cases this variation was less than two per cent. 
‘Most or all of this variation could be due to changes occurring within 
‘the sample during measurement, such as loss or adsorption of small 
amounts of moisture. 

For the samples containing free moisture, it was not possible to obtain 
such data on reproducibility, since several per cent weight loss often 
occurred during the course of the measurements. 
To determine the combined reproducibility of both the measuring 
‘technique and sample treatment, measurements were made on three 
immediately adjacent samples of the Bartlesville sandstone. Each sample 
was exposed to the same treatment in its preparation for measurement 
‘and was measured under the same vacuum conditions. The resulting 
data, treated statistically, gave the most probably error of dielectric 
constant as .068 (out of 4.6 to 5.3) between measurements made at any 
ziven frequency. This “error’’ included that due to any compositional or 
structural variations between samples. 


DIELECTRIC CONSTANTS OF MINERALS 


The dielectric constants of twenty-three samples of nineteen eae 
‘ninerals were measured. The data are summarized in Table I and Figs. 
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TABLE I. DieLEcTRIC CONSTANT OF MINERALS EXHIBITING LITTLE OR No DISPERSION 


Dielectric Constant 


Sample Source Cut 100 cps. coe 
Quartz Brazil perp. c-axis 4.59 4.51 
Quartz Brazil parallel c-axis 4.60 4.50 
Quartz Brazil 45° c-axis 4.69 4.61 
Biotite Pontiac Co., Que. para. bas. cleav. 4.86 4.78 
Phlogopite Denboln Twp., Que. para. bas. cleav. 6.21 6.10 
Lepidomelane Faraday Twp., Ont. para. bas. cleav. 4.06 SOS 
Muscovite Mattawan Twp., Ont. para. bas. cleav. 6.74 6.60 
Calcite Unknown perp. c-axis 7.60 7.60 
Calcite Unknown parallel c-axis Told) 1230 
Halite Harshaw Chem. Co. para. cleav. ictes 5.85 
Gypsum Wayne Co., Utah perp. b-axis 4.24 4.23 


4,5 and 6. The minerals studied were chosen on the basis of availability 
of samples of the most common types. Many minerals which might ap- 
pear appropriate for this study are omitted because samples of sufficient 
purity, size or form were not available when the measurements were 
being made. The values of 4.5 te 4.7 obtained for quartz lie in the range 
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Fic. 4. Measured values of relative dielectric constant 
for apatite, dolomite and quartz. 
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|. Spodumene , Keystone, S.D. 
2.Microcline, Locality Unknown 
3.Perthite, Keystone, S.D. 

4. Talc, Locality Unknown 

5. Perthite, Hybla Station, Ont. 

6. Orthoclase, Twenty-Nine Palms, Cal. 


Dielectric Constant 


Frequency - Cycles per Second 


Fic. 5. Measured values of relative dielectric constant of some silicates. 


of other published figures (e.g. Cady, 1946; Rao, 1947; Smithsonian 
Physical Tables, 1933). Novaculite, pegmatitic quartz, chert and 
chalecedony had dispersed, higher values of dielectric constant. 

The four samples of mica tested had invariant values of dielectric 
constant to the accuracy of the measurements. The observed values are 
‘in the same range or lower than the values of 5.4-11.5 reported by Von 
Hippel (1945B) and Slichter and Telkes (1942). The dielectric constants 
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Fic. 6. Measured values of relative dielectric constant of some igneous rocks. 
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of the other silicates tested were all dispersed (Fig. 5). The single-crystal 
orthoclase showed the least and the polycrystalline bytownite the most 
dispersion. The values observed spanned the range of 5.45 to 7.22 re- 
ported by Takubo and associates (1953) for powdered samples of plagio- 
clase feldspars. 

The values of 7.6 and 7.3 obtained for calcite were constant, but lower 
than those reported by others. Rao (1949) and the Smithsonian Tables 
(1933) give values of 8.7 (at 1.6 mc.) and 8.49 (d.c.) for the perpendicular 
cut and 8.2 and 7.56 for the parallel cut. Halite and gypsum also lacked 
dispersion, but dolomite showed a variation. Takubo ef al. (1953) report 
a value of 5.55 for the dielectric constant of halite at 1.6 mc., and 5.02 
and 4.98 for two samples of gypsum at 100 mc. Slichter and Telkes 
(1942) and Rao (1949) quote figures of 6.3 for gypsum, 5.6 to 6.36 for 
rock salt (no frequency stated) and 6.8 and 7.8 perpendicular and paral- 
lel to the axis for dolomite (at 400 mc.). 

Apatite had one of the most unusual dielectric constants measured 
(Fig. 4). Its curve was nearly flat at low frequencies and fell off at high 
frequencies. Slichter and Telkes (1942) quote lower but not inconsistent 
values of 9.5 perpendicular to the axis and 7.4 parallel to the axis at a 
frequency of 400 mc., which is higher than the frequency range covered 
here. Rao (1949) quotes figures ranging from 7.4 to 10.5 at 1.6 mega- 
cycles. 

The small differences between the values reported here and those of 
other investigators could represent variations within the range of pos- 
sible values for these minerals as a result of the presence of impurities or 
allowable types of structural variation; they could be the result of the 
different methods of measurement including the differences in the fre- 
quencies at which the measurements were made; or, less likely, they 
could be the effects of differences in the temperatures at which the differ- 
ent measurements were made. 


DIELECTRIC CONSTANTS OF Rocks 


Dispersion was observed in the case of all rock samples tested. Figure 
6 shows the dielectric constant of ten igneous rocks, and Fig. 7, the di- 
electric constant of six metamorphic rocks. The values observed at high 
frequencies are comparable to those reported by others (Slichter and 
Telkes, 1942; Rao, 1948). Marble showed the least dispersion, from 9.20 
at 100 cps at,8.90 at 10 mc. 

In the case of sedimentary rocks, the dielectric constant depended 
greatly on the moisture content. Figures for the dielectric constant of — 
dried and natural-state Morrison sandstone samples have already been 
published by Keller and Licastro (1959). Similar results were obtained 
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Fic. 7. Measured values of relative dielectric constant of some metamorphic rocks. 


for samples of Bradford sandstone, Wilcox sandstone and Bartlesville 
sandstone. Even after drying under vacuum a small dependence of di- 
Hlectric constant on frequency was generally observed. Values increased 
‘rom 4.0-4.9 at 10 megacycles to 4.5-5.4 at 50 cps. (Compare these 
values with the dielectric constant of quartz of 4.5-4.7. The lower values 
‘or sandstone are expectable as a result of porosity.) Natural-state and 
uttificially saturated samples all exhibit dispersion. Figure 8 compares 
‘he dielectric constant of a typical sample of Wilcox sandstone under 
aatural-state (atmospheric) conditions with the same sample under 
vacuum and subsequent saturation with distilled water. 

The dielectric constants of five typical samples of carbonate sediments 
wre shown in Fig. 9. Values of calcite and marble are included for com- 
Darison. 


Factors INFLUENCING DIELECTRIC CONSTANT 


The factors influencing dielectric constant can be divided into three 
eroups. First, the chemical composition of the material has an effect as 
shown by comparing the range of compositions among the feldspars and 
micas. Second, the crystal structure can be expected to influence the 
lielectric constant, though this is not obvious from the data reported 
lere, as no pairs of samples of the same chemical composition and dif- 
erent crystal structure are included in the list. Third, the relations of 
he various constituents of the rocks to one another are a potential cause 
of variations in dielectric constant. This relationship may be partly com- 
ositional, but is almost certainly structural as well. The dielectric con- 
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Fic. 8. Measured values of relative dielectric constant for a typical sample of Wilcox 
sandstone, artificially water-saturated. 


stant of a rock is not generally an average of its component constituents 
(including the air or water filling the pores), but tends to be greater than 
what would be predicted by simple averaging. This increase in dielectric 
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Itc, 9, Measured values of relative dielectric constant of limestones. 


DIELECTRIC BEHAVIOR OF ROCKS AND MINERALS 281 


Bradford 
5 ‘ Bartlesville 
oN Wilcox 
Morrison 


° 
o 

x 
oS 


es 
8 
~ 
G 
1 aS 
9S x 
< 4 SS 
x t 
: — 
% iS 
~ 
x 
| ae 
| ae i 
| 0.0 0.10 0.20 0.30 


Air - Volume Fraction 
Fic. 10. Observed relative dielectric constant at 100 kc. as a function of the volume 
fraction of air compared to various mixing formulas. 
ie eee ie (Bottcher, 1952, p. 417) 
BKVN Ke 0K 
ao ae = (1-—V) ( = Ve (Bruggeman, 1935) 
— Kk, ky 
3: aes K = SS Vn logio Ky, (Von Hippel, 1954A, p. 231, originally from 
Lichtenecker) 


26 


K is the dielectric constant of the mixture, 
K, and K_ are the dielectric constants of air and quartz, and V is the volume fraction 
of the quartz. 


constant must be due to the interaction of the separate components pres- 
ent on one another. 

A number of formulas have been proposed to describe the dielectric 
constant of simple mixtures of substances of different dielectric con- 
stant. The predictions of three of these are compared with observed 
values of the dielectric constants of dried sandstones at 100 ke. in Fig. 
10, treating the sandstones as air-quartz mixtures. The lines through the 
observational data are least-squares fits. The slopes except in the case of 
the Bradford, a notoriously dirty sand, are roughly parallel to the pre- 
dicted curves but are in all cases above them. Indeed, most of the sand- 
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stone samples studied had higher dielectric constants tHan pure quartz, 
even the relatively clay-free Wilcox. 

The failure of mixing rules is even more striking in the case of wet 
samples at low frequencies. Water has a dielectric constant of about 80 
under room conditions at the frequencies used here. (This is true for 
both pure and salt water, see e.g. Von Hipple 1954B.) Thus, moist rocks 
may have dielectric constants many times those of their separate com- 
ponents. 

Examination of Figs. 4 through 9 will show that only in the case of 
minerals (and not all of them) is the dielectric constant independent of 
frequency. All rocks and some minerals show an increase in dielectric 
constant with decrease in frequency in the range studied. This is con- 
sistent with the observations of Takubo and Ukai (1954), who observed 
dispersion in the range 50-400 kc. to be related to the purity of the min- 
erals they were testing. One and possibly the principal factor which 
causes this dispersion is the presence of moisture in the pores of the rock. 
When dried and held under vacuum, sandstone samples ceased to exhibit 
appreciable dispersion. Saturation with water caused an increase in di- 
electric constant. The amount of water needed to raise the dielectric 
constant is very small. A dried sample exposed to the air gradually in- 
creases in dielectric constant, presumably by the adsorption of moisture, 
even though the amount of water taken in is too small to measure by 
weighing the sample. A Wilcox sandstone sample which had been ex- 
posed to the air for a long time was put in the sealed dielectric-constant- 
measurement cell, and evacuated for five hours. The dielectric constant 
at 100 cps fell in about an hour from an initial value of 15.6 to an equi- 
librium value of 4.8. On reexposure to the air the dielectric constant 
gradually rose, taking around three hours to return the first third of the 
way toward its original value. Similar experiments with albite and dia- 
base resulted in no drift in the dielectric-constant. 

In the case of the various silica varieties tested, it is reasonable to 
suppose that the larger low-frequency dielectric constants of the chert 
and chalcedony specimens as compared to the intermediate novaculite 
and pegmatitic quartz values and lowest single-crystal value are due to 
the presence of varying amounts of water. Folk and Weaver (1952) have 
shown that the water content of cherts increases going from micro- 
crystalline novaculite to “spongy” chalcedony. 

Increased temperature had a similar effect. Heating a sample of Wil- 
cox sandstone caused a rapid drop in dielectric constant from an initial 
value of 12.9 at room temperature to 5.5 at 100° C., then a slower, small 
decrease to a minimum of 5.1 at 200°, followed by a rise to 7.5 at 300°. 
The initial drop is explainable by loss of adsorbed water. The loss above 
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100° could be merely a time lag in the escape of the moisture, or could 
represent loss of a more tightly held water fraction. The whole heating 
cycle took about three hours. The rise in dielectric constant at the higher 
temperatures is possibly an effect of temperature on the freedom of 
atoms and dipoles to move in an electric field. A similar effect for quartz 
has been reported by Kiriyama and associates (1955). On cooling the 
dielectric constant fell to a minimum of 4.8 at 80° C. As room tempera- 
ture was approached the rise with water adsorption again began. 

The dependence on water content of the silica minerals has already 
been pointed out. The variation for minerals such as albite and rocks such 
as diabase (Fig. 6) cannot easily be explained by the presence of water. 
Evacuation did not significantly affect these minerals. Therefore, what- 
ever the causes of the variation, it can occur for dry as well as moist 
materials. 
| High values of dielectric constant such as those observed here are not 
nique to this study. Evjen (1948), Fricke (1925, 1926), Dunlap and 
Makower (1945), Koops (1951), Von Hippel (1954B), Lombardini 

'1958) and others (see Keller and Licastro 1959) have observed com- 
parable values for sediments in place, biological cell suspensions, dehy- 
‘trated carrots and ferrites, respectively. These observers assume some 
corm of interfacial polarization to be the most likely explanation of their 
observations. 

The problem of mixed dielectrics was originally analyzed by Maxwell 
“1892) and extended by Wagner (1913). Consider a dielectric consisting 
of two sheets of materials 1 and 2 (Fig. 11a), each characterized by a 
celative dielectric constant, conductivity, and thickness, Ki, 0, di, and 
Ko, a2, da, respectively. Such a capacitor may be represented by the 
equivalent circuit shown in Fig. 116. Von Hippel (1954A, 228 ff. after 
Maxwell 1892, Wagner 1924) has shown that a two-layer dielectric be- 
aaves as a one-layer dielectric of value: 

K! 

K=K.(1+77 3) se 
where K., is the value of dielectric constant at very high frequencies, 
s the relaxation time, w= 27 times the frequency and 

uae (4) 


Ki = 


| Ke 


where Ko is the static (zero frequency) dielectric constant. From (3) 
und (4): 

Rye Ks 6) 
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In terms of the two-layer capacitor of Fig. 11, Von Hippel has further 
shown that 


Lah Rye Meh ape }? 
d ds Ke Ka || 
Ge ee Sell (6) 
iy i ee. | he | 
Ky Ko o1 a2 | 
which reduces to 
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Kymilde ted [= : | 7 
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According to this theory, the media d; and dz may be subdivided into 
any number of layers without changing the dielectric response of the 
system, provided the volume ratios of the media are unchanged. Equa- 
tion (7) can be normalized by letting d2/di= D and o1/02=R, becoming: 
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The value R= A,/K,2 corresponds to a minimum and R= & to a maxi- 
mum. When R becomes large, (8) becomes 
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so that Ko is always greater than Ko. In this case, the largest values of 
Ko are reached for small values of D. Small values of D by themselves 
will not have a strong effect. 
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a. Two Layer Condenser b. Equivalent Circuit 


Frc, 11, Maxwell-Wagner model of two-component dielectric 
(after Von Hippel 1954A). 
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What this means is that material 1 must be the more conductive ma- 
terial (preferably strongly so) and the effect is stronger the more plenti- 
ful material 1 is. The increase in dielectric can be visualized as a result 
‘of an effective decrease in separation of the capacitor plates resulting 
‘from the presence of conducting material between them. In Fig. (Va it 
jis as though the charge was shifted from the upper plate of the capacitor 
‘to the interface between the layers and the conductive oy-layer was 
‘shorted out. 

By using the above treatment and considering the material to consist 
(of conductive grains separated by insulating films, Koops (1951), Fair- 
\weather and Frost (1953) and Miles e¢ al. (1957) were able to explain 
|both the high values of dielectric constant and the strong dispersion of 
iferrites at low frequencies. 
| Unfortunately, this theory will not predict dielectric constants of the 
{type observed here because conducting material is not present in suffi- 
(cient quantity. If we assume the rock matrix is characterized by pa- 
irameters K2=4.6, o.=10-* mho-meters, and d2=0.99, and the saturat- 
ing fluid by K,=80, o1.=1 mho-meter, d;=0.01 (R=10°, D=99), Ko will 
approximately equal 1.01 Ko. 

The value of the Maxwell-Wagner theory is that it shows what sort of 

process is needed to give a high dielectric constant. We must have some 
rmechanism which will permit a high degree of polarization along inter- 
ffaces near the electrodes, and at the same time will allow free movement 
‘of charges between these polarization surfaces. 
The fact that water plays such an important role in the process sug- 
pests that electrolytic conduction is involved. The fact that only small 
quantities of water are involved implies that the effect must somehow 
‘be enhanced over what would occur for an ordinary conductor of the 
type postulated in the Maxwell-Wagner theory. 

Keller and Licastro (1959) have discussed the possible role of clays in 
acting as semi-permeable membranes in producing polarization. If posi- 
tive ions were freer to move than negative ions, then a strong charge 
‘separation could result. This theory requires the presence of clays in the 
‘rock. Since dispersion is as great for the relatively pure Wilcox sand as 
for the others, it appears to be inadequate to explain more than a part of 
the observations. 

Electrode polarization could have a similar effect. Electrode polariza- 
tion consists of a charge accumulation along the boundaries of metallic 
iand ionic conductors. These interfaces could be either distributed 
throughout the sample or containing it. In order to measure the dielectric 
‘constant, the sample was placed between metal electrodes and a field ap- 
plied. As current flowed in and out of these electrodes, charges could ac- 
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cumulate in their vicinity producing an effect similar to the accumula- 
tion of charges on an interface within the material being studied. Such 
electrode polarization, if it existed, would be due to the measuring ap- 
paratus, not to the material alone. 

Keller and Licastro have rejected electrode polarization as an explana- 
tion of dispersion such as was observed here because the frequency de- 
pendence of the dispersion is not what would be predicted by postulated 
theories of electrode polarization. This is a negative argument. Quanti- 
tatively, electrode polarization can enhance apparent capacity suffi- 
ciently to explain the observed values of dielectric constant, as Keller 
and Licastro pointed out. Therefore, it can not be ruled out as at least a 
part of the explanation. On the other hand, the fact that strong disper- 
sion exists for materials such as chalcedony, where such water as may be 
present is closely confined and is not free to migrate to the electrode sur- 
faces, argues against electrode polarization being the only effect involved. 
It seems more likely that the charge accumulation is a surface effect 
within the rock itself, probably along water covered surfaces. The pres- 
ence of dispersion in such materials as bytownite and albite suggests 
that significant amounts of water are not needed for the effect to occur. 
It may be that defects within the crystal lattice are present in sufhcient 
quantity to allow widespread minor polarization of this sort. These de- 
fects could be water inclusions, or they could be smaller irregularities. 


CONCLUSIONS 


From the above discussion it can be concluded that below one mega- 
cycle, the presence of moisture in a rock plays a dominating role in de- 
termining its dielectric constant. A logical explanation of this appears 
to be that some form of interfacial polarization is formed, possibly along 
crystal or rock-fragment boundaries. Dispersion can be caused in open- 
structured porous rocks such as sandstones, or where the water is a more 
integral part of the mineral structure as in the case of chert, chalcedony 
and pegmatitic quartz. Water is probably not necessary for dispersion 
in this range, as the phenomenon was observed for minerals such as by- 
townite as well as for various compact igneous rocks. 

It is probable that the phenomenon observed here is closely related 
to the induced polarization on which one variety of electrical prospecting 
is based (see e.g. Marshall and Madden, 1959). Induced polarization is 
known to beespecially prominent in the case of sulfides and of clay bodies 
of certain types. The work reported here indicates that it is a very general 
phenomenon for natural rock formations. Strong dispersion was observed 
even for the “‘pure’”’ Wilcox sandstone. 

At low frequencies dielectric constant increases with the water con- 
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_ tent of the rock. The amount of this increase is greater than would be 
predicted by simple mixing formulas which have been proposed in the 
| past. This is bound to be the case inasmuch as the dielectric constant of 
_ many rocks at low frequencies exceeds the dielectric constants of any of 
| the components of the rocks. 
| A great deal more data on natural rocks needs to be gathered, espe- 
cially at frequencies lower than 50 cps and with 100 per cent water 
saturation. Without such data, perhaps even with it, laboratory deter- 
minations of the dielectric constants of individual minerals, themselves 
much needed, are of little help in predicting the dielectric constants of 
rocks under natural conditions. 
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IMBIBOMETRY—A NEW METHOD FOR THE 
INVESTIGATION OF CLAYS 


J. Konta, Institute of Petrology, Charles University, 
Prague, Czechoslovakia. 


ABSTRACT 


A method for rapid identification of clay minerals in natural clays or in artificial ag- 
gregates prepared by elutriation and sedimentation of clay particles is described. The be- 
havior of a drop of water and a drop of ethylene glycol on the surface of a smoothed section 
»s observed. The section is easily prepared on glass- and emery-cloth. The following physical 
properties are decisive: (1) total surface area of the particles, (2) marked swelling of mont- 
morillonite and “open” illite and no swelling of kaolinite and “closed” illite, (3) small wet- 
cability of aggregates of the kaolinite group minerals and greater wettability of illite and 
montmorillonite aggregates. The speed of imbibition of the liquid by the clay aggregate is 


-egulated by the absorption equation. The method is explained on the basis of the experi- 


mental data, obtained by the investigation of eleven clays from Central Europe. 
| ORIGIN AND DEVELOPMENT OF THE METHOD 

_ The method of observing the behavior of drops of water and of 
tthylene glycol on sections of unconsolidated clay rocks was worked out 
‘n our laboratory (Konta, 1956). Two polar liquids, differing consider- 
kbly in their viscosity, were used. 

It was expected that water and ethylene glycol would be quickly im- 
nibed by the unconsolidated clay rocks, in which the particles of clay 
minerals are large and thick. The imbibition ought to be slower for ag- 
nregates in which the clay particles are rather small and thin. The less 
viscous water should be imbibed more quickly and cause a greater inter- 
micellar swelling of montmorillonite clays than the more viscous ethylene 
rlycol. During the experimental work it was found that in addition to 
‘he speed of imbibition and the extent of swelling, a further highly im- 
cortant diagnostic property of clay aggregates was noted, namely the 
mvettability. 

Until now no special name has been given to the new method (Konta, 
(959 a,b). In the present paper there is applied to this new method the 
aame of imbibometry. The investigation of water and ethylene glycol 
mbibition on sections of unconsolidated clay aggregates can be quanti- 
iatively measured and is reliable for the rapid identification of clay min- 
-rals. Besides, this method has a wider use in the investigation of some 
jlay-rock properties which are important in geology and technical prac- 
dice. 


Basis oF THE METHOD 


The method is based on certain physical properties of clay minerals and 
day aggregates in the presence of polar liquids. They are: 
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(1) The total surface area of the particles. : 

(2) Marked swelling of montmorillonite and “open” illite and none 

for kaolinite and normal illite. 

(3) Wettability of the aggregates. 

These physical properties become apparent simultaneously during the 
imbibition of a drop of water or a drop of ethylene glycol on sections of 
clay aggregates and therefore it is necessary to observe and record simul- 
taneously the phenomena caused by all three properties. 

The total surface area of the clay particles is fully characteristic for 
each chief group of clay minerals and is the chief physical property af- 
fecting the speed of imbibition of a drop of water and of ethylene glycol 
by the surface of the clay sections. Crystals of the kaolinite group min- 
erals, which form the thickest plates of all the clay minerals, have the 
smallest total surface area, usually in several m.’?/g. up to several tens 
m.?/g.; their highest value reaches about 40-60 m.’?/g. Minerals of the 
illite group have crystals essentially thinner and a total surface area 
several times larger, usually in many tens m.?/g. most often from 70 to 
150 m.?/g.; and “open” illite more than 200 or 300 m.*/g. Finally, min- 
erals of the montomorillonite group have the thinnest crystals and their 
total surface area is usually in hundreds m.?/g., most often between 500 
m. and 800 m.?/g. 

The swelling of montmorillonite and of ‘‘open”’ illite (van der Marel 
1960) makes possible a quick and easy determination of the presence of 
these minerals in a clay. It is necessary, while applying the imbibomet- 
ric method, to note on the sections of the clay not only the swelling itself 
but also the speed of imbibition (in seconds) and the wettability. 

The wettability of unconsolidated but coherent aggregates of clay min- 
erals represents a very important property and makes it possible to dis- 
tinguish the kaolinite clays from illite and montmorillonite. Kaolinite 
clays have the smallest wettability. On sections of kaolinite, a drop of 
water or ethylene glycol always takes up a relatively small circular area 
(Fig. 1 @,6). On illite (Fig. 1 c,d) or on montmorillonite (Fig. 2) a drop of 
water or ethylene glycol spreads over a considerably larger area. When 
ethylene glycol is used, and in some cases even with water, characteristic 
small spurs are formed. The imbibition ratio is the area occupied by one 
drop of ethylene glycol divided by the corresponding area for water. This 
ratio is less than 1 for kaolinite, but always above 1 for illite, and espe- 
cially so for montmorillonite. 


b) 


MATHEMATICAL EXPRESSION 


The rate of imbibition depends both on the physical properties of the 
clay aggregate and on the character of the liquid. The purity of the 
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(a) 


(b) (d) 


Fic. 1. (a) Characteristic small circular areas taken by drops of water and of ethylene 
lklycol. Kaolin from Sedlec near Karlovy Vary, western Bohemia. 
(b) Silty kaolinite clay from Jarov near Plzen, western Bohemia. 
(c) Greater areas taken up by a drop of water and a drop of ethylene glycol, with char- 
acteristic small spurs if ethylene glycol is used. Illite clay from Chlum near Beroun, central 
3ohemia. 

(d) Greater areas taken up by a drop of water and a drop of ethylene glycol, with char- 
cteristic small spurs. Illite clay from Fiizerradvany, Hungary. 


iquid, and the temperature can be controlled, and atmospheric pressure 


bhould be normal. 
The speed of imbibition of the liquid by the clay aggregate is regulated 
»y the absorption equation: 


where: 
i=the time of the complete imbibition of the liquid in seconds, 
s=the effective surface area of mineral particles (in cm?2/cm® of 
the substance), 
n= the viscosity (in poises at 20° C.), 
e= the effective porosity (in %:100), 
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o=the surface tension of the liquid (in dynes/cm??in the value the 
gravity acceleration is, therefore, included), 

k=the constant including the shape of the particles and the tor- 
tuosity of pores in the clay aggregate (in the majority of clays 
its value remains constant; it depends, however, on the direc- 
tion of imbibition, i.e. whether it is for instance parallel or per- 
pendicular to the lamination of the rock), 

g/ A =the amount of the liquid (g in cm’) sorbed on the area (4, in cm’) 

during a known time. 


An analogous equation has been used to express the sorption property 
of hardened Portland cement paste (Powers and Brownyard, 1948). 


(a) (b) 


Frc. 2 (a) Swollen areas taken up by a drop of water (right) and ethylene glycol (left). 
Montmorillonite clay from Istenmezé, Hungary. (Sample No. 10.) 

(b) Swollen area after imbibition of a drop of water (left) and less evident swelling on 
bentonite section if ethylene glycol is used (right). Branany near Most, northern Bohemia. 
(Sample No. 9.) 


From this equation it follows that for the imbibition rate of a known 
constant amount of polar liquid on a known area and under a constant 
temperature and constant conditions of purity of the liquid, as well as 
an unchanging direction of the imbibition, only two properties of clay 
are decisive, namely, the total surface area of the particles (s) and the 
effective porosity (e). The time of imbibition of the liquid by a clay ag- 
gregate is in direct proportion to the effective surface area of the particles 
and inversely proportional to the effective porosity of this aggregate. 

The effective porosity of the clay aggregate is a further important phys- 
ical property which also has an influence on the imbibition speed of the 
liquids, as follows from the equation given above. In the majority of un- 
consolidated, yet coherent kaolinite and illite clays, the values of the 
effective pordsity varies between 25-50% under laboratory conditions 
of humidity and temperature. In montmorillonite rocks the effective 
porosity is still smaller, usually between 10-20% under laboratory hu- 
midity and temperature conditions. The experimental work has shown 
that the imbibition speed on the sections of clays of different mineral 


IMBIBOMETRY 293 


composition is mainly influenced by the total surface area of the particles, 
which value varies with the chief groups of clay minerals, i.e. kaolinite, 
illite and montmorillonite. The differences in the speed of the imbibition 
of liquids by clays of approximately identical mineral composition and 
of not considerably different values of the total surface area of the 
particles, are mainly caused by differences in effective porosity. 

This important finding is represented by several diagrams drawn up 
on the basis of data obtained from the study of eleven samples of un- 
consolidated clay rocks of different mineral composition. The approxi- 
mate quantitative mineral composition of these rocks had been given 
in the author’s articles (Konta, 1959 a,b). Since the values obtained are 
necessary for the understanding of the following four figures, they will 
be repeated here in the abbreviated form of a triangular diagram 
(Fig. 3). 


| KAOLINITE 
100 °%o 


rh (QUARZ & MUSCOVITE) 
4 


50% IRON 
eel OES 


UNDECOMPOSED MINERALS 
(MAINLY PLAGIOCLASE & PYROXENE) 


ROCKS WITH PREDOMINATING © KAOLINITE 
@ ILLITE 


wa OPEN" ILLITE 
x MONTMORILLONITE 


Fic. 3. The approximate semiquantitative mineral composition of eleven clay rocks 


studied. The data were obtained by evaluation of the results of these methods: oe 
‘ion under polarizing microscope, x-ray analysis, DTA, gravimetric ee cure a ; 
imbibometry. The numbers of the points in the triangular diagram correspond to the n 


vers in all other diagrams and tables. 
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In Table I, data are given concerning the effective porosity, density 
and the total surface area of the particles of eleven samples investigated. 
The last values have been found by the absorption method according to 
Dyal and Hendricks (1950), namely in all cases with finely powdered 
samples sieved through 200 mesh with aperture of 0.074 mm. 

In Fig. 4 the values of effective porusity expressed in (%:100)* are 
given. On the horizontal axis, the times during which one drop of water 
is imbibed by the sections are plotted. The times found are related to a 
uniform basic area (cf. Konta, 1959 a,b). The method of calculating of the 
imbibition times are illustrated in Tables II and III. Figure 5 is similar 
to Fig. 4, but for ethylene glycol. Here too, the values of the imbibition 
times have been related to a uniform basic area. 

From Figs. 4 and 5 this main conclusion follows: The effective po- 
rosity has little decisive influence upon the speed of imbibition of water 
and ethylene glycol by the unconsolidated but coherent clay aggregates. 
However, in samples of nearly identical mineral composition, which do 
not differ greatly in the values of the total surface area of the particles, 
the differences in effective porosity have a marked influence upon the 
speed of imbibition. This can be best seen in kaolinite clays. 

In addition to the effective porosity and the total surface area of the 


TABLE I. ErrecTIve Porosity, DENSITY AND TOTAL SURFACE 
AREA OF ELEVEN CLAy SAMPLES 


Effective Total Densities Total 
porosity surface ofsamples — surface 


S | 
sy ca (approxi- in dried at incm.?/em.8 
mate data) m.?/g. TOS x10: 
Kaolinite clays 
1. VonSov-Nova Ves, w. Bohemia 43.8 41-1 2.64 108.50 
2. Staré Sedlo near Loket, w. Bohemia Sle 45.5 2.59 117.85 
3. Sedlec near Karlovy Vary, w. Bohemia 37.0 33.9 2.68 90.85 
4. Jaroy, near Plzen, w. Bohemia Deo Soe 2.68 156.78 
Illite clays 
5. Chlum, near Beroun, c. Bohemia 33.6 79.3 ahs 218.08 
6. Chlum, centr. Bohemia 35.1 PX Sit 2.70 196.29 
7. Fiizerradvany, Hungary 44.4 148.8 2.78 413.66 


Clays with predominating montmorillonite and “open” illite 


8. VonSov near Cheb, w. Boh. 13.8 358.2 2.83 1013.71 
9. Branany near Most, n. Bohemia stl 348.7 SUS 958.93 
10. Istenmez6, Hungary 19.6 730.0 2.60 1898 .00 
11. Komloska, Hungary 11.4 667.5 2.80 1869 .00 
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particles, another important factor appears in montmorillonite clays or 
in clays containing the “open” illite, which considerably influences the 
speed of imbibition of the polar liquids into the sections. This important 
factor is the phenomenon of swelling. Especially during imbibometric 
tests with water such a strong swelling takes place, that immediately 
after the contact of water and clay on the surface of a polished section 
the original effective porosity grows several times. This is the cause of a 
considerably quicker imbibition of water than would correspond only to 
the value of the effective porosity of the aggregate and the total surface 
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Fic. 4. Dependence between effective porosity and imbibition speed 
of one drop of water. 


urea of the particles (cf. Fig. 4). An especially strong swelling took place 
i both the montmorillonite rocks from Hungarian localities. 

The relation between the total surface area of the clay particles and 
he speed of imbibition of water and ethylene glycol are shown in Figs. 
»and 7. In Table I, in the fourth column are given the values of the total 
urface area of eleven clay rocks investigated, expressed in cm.?/cm.’ of 
he substance X10‘. From these figures this main conclusion follows: 
Che speed of imbibition of a drop of water and ethylene glycol by sec- 
lions of unconsolidated clay rocks is chiefly determined by the value of 
ihe total surface area of the particles. The other physical properties of 
lay particles and their aggregates are of smaller import. This is only 
valid for the use of polar liquids with nonswelling or slightly swelling 
lays. In strongly swelling clays, instead of remaining constant, the ef- 
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of one drop of ethylene glycol. 
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Z 
Fic. 6. (left) Dependence between total surface area and imbibition speed of one drop 
of water. 


Fic. 7. (right) Dependence between total surface area and imbibition speed of one drop 
of ethylene glycol. 
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TaBLE II. CALCULATION OF THE RESULTANT IMBIBITION TIME OF A Drop or 
WATER AND A Drop oF ETHYLENE GLYCOL ON THE POLISHED SECTION OF 
THE NATURAL KAOLIN FROM SEDLEC NEAR KARLOVY Vary, BOHEMIA 


Real area Recorded R 
: Sarena eal area 
occupied by imbibition Unif basi Resultant imbibition 
a drop, in time, in Copp cienahone time, in seconds 
mm.2 seconds ehie 
| é 
Water: 
| 85 
@ 85 13 Fag 0 0.955X13=12' sec. 
| 102 
(0) 102 10 ——=1.146 1.146 10=11 sec. 
| 89 
91 
‘() 91 12 p71 022 1.022X12=13 sec. 
| i 80 
\(d) 80 14 con 0.899X14=13 sec. 
| 358:4=89 mm.?, is the uniform basic area Average= 12 sec. 
| 
‘Ethylene Glycol: 
| 5 
i(a) 56 121 2=1.018 1.018 121=123 sec. 
| 59 
Wd) 59 134 ee ME 1.073 X134=144 sec. 
: 55 
Ke) Sy) 119 a =119 sec. 
be 59 P 
id) 59 115 poe 1.073X115=123 sec. 
| 55 
ée) 55 139 ae 1 = 139 sec. 
s 27=122 
t) 53 127 5570-964 0.964 127=122 sec. 
oe 35 = 130 
ry) 55 135 sg Es 0.964 135= sec. 
| = =128 
bh) 53 133 5570-964 0.964X 133 =128 sec. . 
443:8=55 mm.”, is the uniform basic area Average=129 sec. 


ective porosity on the surface of the section is increased many times 
vith a polar liquid, and hence the liquid imbibes rather quickly. eee 
hore it is necessary for the determination of the effective surface area o 
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° 
TABLE III. CALCULATION OF THE RESULTANT IMBIBITION TIME OF A DROP OF 
WATER AND A Drop OF ETHYLENE GLYCOL ON THE SMOOTHED SECTION OF 
KAOLINITE CLAY FROM JAROV NEAR PLZEN, BOHEMIA 
Real area Recorded Reabares eT 
occupied by — imbibition Thif ic: Resultant imbibition 
by a drop, time, in a ana time, in seconds 
in mm? seconds ee 
Water: 
96 
(a) 96 16 ay 1.079X16=17 sec. 
95 
(0) 95 17 a P0607 X17 —1 Sisee: 
(c) 89 17 a 1 Shi — 7 
C 30 xX1/=17 sec. 
99 
(d) 99 18 ee 1112 83 =20ssee: 
Average=18 sec. 
Ethylene Glycol: 
68 ’ 
(a) 68 151 — 1.236X151=187 sec. 
s 75 
(b) Ue 111 a 1.364 1.364X111=151 sec. 
55 
78 
(c) 78 124 et 418 1.418 124=176 sec. 
65 
(d) 65 134 gam 1-182 1.182 134=158 sec. 
if 
(2) 71 131 ss! 291 1.291 131=169 sec. 
: 72 
(f) 72 120 <= 1.309 1.309 120=157 sec. 
; 77 
(g) li 129 gg 400 1.400 129=181 sec. 
88 
(h) 88 131 =e 1.600 1.600X131=210 sec. 
é 87 
(2) 87 121 eee 1.582 121=191 sec. 


Average=176 sec. 


=2 min. 56 sec. 
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the particles or of the effective porosity to use nonpolar liquids. For the 
purpose of identification of clay minerals, the procedure of the imbibo- 
metric method here described, has proved to be a fully satisfactory one. 


PREPARATION OF SECTIONS 


The clay is roughly ground by circular movements on glass-paper no. 
50, and then the surface of the section is smoothed on emery-cloth no. 240 
or finer. Thus the preparation of a section requires no more than 2-4 

minutes. By using the same type of emery cloth sections of equal qual- 
ity can be obtained. 

During the preparation of sections it is important to observe the fol- 
lowing rules: 

(1) The grinding is always done in dry state. 

(2) Sections which should serve for the identification of clay minerals or for the deter- 
_raination of the relative age of clay rocks are always made parallel to the stratification. In 
‘clay aggregates without stratification a number of sections should be prepared, and in vari- 
( ous directions. 

(3) On the section or in the area where the liquid is imbibed, there should be no pores or 
(cracks visible by eye or by lens. 

(4) When the grinding is finished it is necessary to remove carefully the loosened clay 
powder on the surface of the polished section by means of a soft brush. 

(5) The surface of the prepared section is always dull and it should not glisten in any 
( case (as required by metallographic microscopy). 

(6) The surface of the section must be free from grease. 


For other purposes sections can be made perpendicular to the strati- 
(fication, or with varying orientations. 

Smooth sections of sandy or silty-sandy clays are for the most part 
difficult to prepare. For imbibometric identification of clay minerals in 
these rocks it is necessary to prepare artificial solid plates, by elutriation 
and sedimentation of dispersed particles. The natural sample of the rock 
is pulverized and elutriated in a tall beaker filled with water. After 
thorough stirring and dispersion of clay particles, adding a suitable dis- 
persive solution, the suspension in the beaker is left to settle in a quiet 
place. Care must be taken so that the orientation of clay particles is not 
changed during the drying of the sediment. The dried sediment ready for 
the preparation of the section has the form of a solid disc about 4 to 1 cm. 
thick. 


IMBIBOMETRIC TESTS 
The working process during imbibometric tests is quite simple: 


(1) The section is fixed on plasticine in a horizontal position. ny 
(2) On the surface of the polished section a drop of water is dropped from a vertically 
lneld pipette (constant size) from a height of about 4 to 6 mm. Simultaneously, we observe 


und ascertain: 
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(a) The size and the shape of the area occupied by the drop. 4 
(b) The time during which the drop gets entirely imbibed. 
(c) The changes on the surface of the section during the imbibition and mainly after 
the imbibition of the liquid. 
(3) This complex observation must always be carefully registered, and the area in which 
the drop was imbibed, copied on a transparent paper. 
Then the same process is used in the case of a drop of ethylene glycol, which is more 


viscous and is imbibed by all aggregates more slowly than water. It is recommended that 
all the observations be entered in a card index. 


T FORM OF THE SURFACE OF 
nea ls WATE R AREA TAKEN UP POLISHED SECTION 
IN THE ROCK BY THE DROP = AFTER ABSORPTION 
KAOLINITE ©) SMOOTH 
ILLITE SS SMOOTH 
MONTMORILLONITE oo SWOLLEN 
& OPEN" ILLITE ee 


mh Ue Bah se Lil AS 


seconds 


mineral -ETHYLENEGLYCOL Gren’ taxen up Potisnen secrion 
IN THE ROCK BY THE DROP AFTER ABSORPTION 


KAOLINITE SMOOTH 


ILLITE SMOOTH 


O 
a SWOLLEN OR DULL 


MONTMORILLONITE 
& , OPEN" ILLITE 


4 2 4 8 16 32 64 
minutes 


Fie. 8. Identification table serving for entering observations obtained 
during the imbibometric tests. 


THE UsE OF IMBIBOMETRY FOR IDENTIFICATION OF CLAY MINERALS 


The relation of the size of the area occupied by the drop on the section 
to the speed of imbibition is best evident from the mathematical equa- 
tion previously given. The larger the area occupied by the drop, the 
shorter is the time of imbibition. Every area on the section occupied by 
the drop is carefully traced on a transparent millimeter-lined paper and 
thus its size is ascertained with relative precision. Even quicker is the 
determination of the size of the irregularly shaped area by a suitable 
planimeter. 
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The actual measured time of a complete imbibition of a drop of water 
and a drop of ethylene glycol has then to be transferred to a uniform 
basic area and the resultant imbibition time is obtained. It is the time 
during which the drop should be imbibed if it occupied on every section 
such an area as it occupies on the section of the natural pure kaolin 
from Sedlec near Karlovy Vary, Bohemia. A drop of water let down from 
the pipette from the height of 4-6 mm. on the natural pure kaolin 
from Sedlec near Karlovy Vary occupies a circular area of average size 
89 mm.” (computed from four measurements). A drop of ethylene glycol 

under the same conditions occupies an area of average size of 55 mm. 
(computed from eight measurements). In Table II the manner of calcu- 
| lation of the resultant imbibition times for the pure kaolin sample from 
_Sedlec is given. In both cases the measured values are related to a uni- 
form basic area for water and ethylene glycol. In Table III the calcula- 
| tion for the section of silty kaolinite clay from Jarov near Plzen, Bohemia, 
iis given. 
_ The resultant values giving the imbibition times are entered ina table 
| (Fig. 8). In the upper part of the table the resultant imbibition times of 
.a drop of water related to a uniform basic area with regard to the wet- 
itability and to the surface change of the section after imbibition are en- 
(tered. In the lower part the corresponding times for ethylene glycol are 
l listed. 


ANOMALOUS SHORTENING OR PROLONGATION 

OF THE IMBIBITION TIME 

- In some cases the imbibition speed of water and ethylene glycol may 
tbe essentially shorter or longer than might be expected, considering the 
‘clay minerals present in the sample. The character of the predominat- 
ing clay mineral can be determined, however, on the basis of mere wetta- 
“bility, and swelling or nonswelling of the sample. These properties can 
“be recognized on the smoothed section by the different size of the area occu- 
‘pied by a drop of water or a drop of ethylene glycol, further by a char- 
vacteristic contour of the area, and finally by a change of the surface of 
the polished section upon imbibition. 
The shortening of the imbibition time of the liquid which does not cor- 
brespond to the size of the effective surface area of the clay particles can 
be the result of different factors. Of these the most important are: 


(a) Presence of a greater number of clastic grains. 

(b) Swelling of montmorillonite or of “open” illite. : 

(c) Placing drop in the direction of the preferred orientation of the clay particles in 
samples without evident stratification. 

(d) Presence of admixture of carbonate minerals. 
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(e) Presence of soluble salts, especially of halite. 
(f) Formation of cracks on the section during imbibition. 


The prolongation of the imbibition time of the liquid is most often in- 
fluenced by: 
(g) A greater consolidation of the clay rock and a total porosity under 25 per cent. 


(h) Presence of finely dispersed organic substance (enlargement of the effective surface 
area). 


It is therefore always important before and in the course of imbibomet- 
ric tests to determine for every rock studied if the imbibition will be in- 
fluenced by some of these factors. The majority of these unfavorable fac- 
tors can be eliminated in imbibometry by the making of artificial solid 
plates of the clay. Thus can be eliminated the factors given above under 
a, c, d, e, and g. 


GENERAL USE OF IMBIBOMETRY 


First, it is possible to identify clay minerals on sections of unconsoli- 
dated but coherent clay aggregates by a drop of water and of ethylene 
glycol. These aggregates can be either natural, or artificial if the natural 
clay is not suitable for the making of the section required. It is further 
possible to determine, imbibometrically, the value of effective porosity, 
if the total surface area of the particles is determined beforehand (e.g., by 
a simple method according to Dyal and Hendricks, 1950). By means of 
imbibometry it is possible in clays to determine the direction of the maxi- 
mum imbibition by making sections of various orientations. Imbibometry 
also quickly reveals the extent of swelling in argillaceous rocks contain- 
ing montmorillonite or ‘‘open’’ illite. The results are of relative nature 
only when using polar liquids. When using a polar and a nonpolar liquid 
on the same section the results begin to have a quantitative character. 

The imbibometric method can also, in some cases, be applied to prob- 
lems connected with the determination of the relative age of clay rocks 
in a definite uniform geologic area. In clay rocks of relatively earlier geo- 
logic age the suitable liquid will imbibe more slowly than into later rocks 
which in most cases are less consolidated, i.e. of greater total porosity. 
At the same time, the mineral composition of clay rocks must be approxi- 
mately the same. 

On the basis of recent experimental work we can say that in the future 
other liquids, polar and nonpolar, will be used in imbibometry. 
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AN ABNORMAL EFFECT IN DIFFERENTIAL THERMAL 
ANALYSIS OF CLAY MINERALS 


W. F. Cote anp Norma M. Row tanp, Division of Building 
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ABSTRACT 


If in differential thermal analysis the differential thermocouple is arranged radially 
through the center of an uncovered cylindrical sample holder, a spurious endothermic 
effect can be produced in the low-temperature region of curves of vermiculite (and of 
montmorillonite) when the amount of sample is reduced below a certain limit. No such peak 
occurs when the sample is covered with a lid or when the differential thermocouple is ar- 
ranged along the axis of the sample holder with its bead at the center. The origin of the peak 
is investigated and it is shown how this depends on the experimental conditions and the 
clay mineral structure. 


INTRODUCTION 


In differential thermal curves of many samples of vermiculite examined 
at the Division of Building Research an extra low-temperature endo- 
therm has been revealed. Such a peak has also been reported in the 
literature by Mielenz, Schieltz and King (1954). It occurs, in the experi- 
ence of the authors, when the weight of vermiculite in the sample holder 
of the differential thermal equipment is reduced below a critical value 
(less than about half that required to fill the holder); it will frequently 
occur in samples of hydrobiotite that are naturally low in vermiculite. 
Since the extra endothermic peak has no counterpart in weight-loss 
curves (Mielenz, Schieltz and King 1954, and Cole, unpublished data) 
and can have no structural significance (Walker and Cole 1957), it has 
been of interest to discover why it occurs. 


EXPERIMENTAL 


The following materials were used in the investigation: a vermiculite 
from Valpy Claims, West Suk, South Africa; hydrobiotite from Libby, 
Montana; halloysite from Southern Indiana; sodium montmorillonite 
from Wyoming; gypsum from Kangaroo Island, South Australia. 

Differential thermal analyses were made with the equipment described 
by Carthew and Cole (1953) in which the differential thermocouple is 
placed radially through the center of the cylindrical sample holder (Fig. 
1A). The sample block is a metal cylinder (originally in stainless steel 
but now in nickel) 13 in. diameter and 48 in. high. In it are drilled four 
flat-bottomed holes § in. diameter and 3 in. deep. Two of these holes, 
diametrically opposite each other, are used to hold the sample and refer- 
ence material, respectively. The differential thermocouple wires are 
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Sample A Inert Sample B Inert 


Pt/Pt.. 13% Rh Pt/Pt. 13% Rh 


| Fic. 1. A. Differential thermocouple arranged radially through the center of the cylin- 
drical sample holder as in the equipment described by Carthew and Cole (1953). 

B. Differential thermocouple arranged along the axis of the cylindrical sample holder 
with its bead at the center as in more conventional units (Mackenzie and Mitchell, 1957). 


Pt/Pt.13%Rh of 0.5 mm. diameter. The sample holder contains about 
9.8 gm. of material when lightly tamped and pressed finger tight. The 
heating rate is controlled at 10° C. per minute and the differential ther- 
‘mocouple voltage can, after amplification, be recorded at three levels; 
namely 100, 200 or 400 microvolts full scale deflection of the recording 
pen. Most of the present work was carried out on the 100 and 200 micro- 
volt ranges. Analyses were also made with this equipment modified so 
that the differential thermocouple was placed along the axis of the cylin- 
drical sample holder, with its bead at the center (Fig. 1B) as in more 
«conventional units (Mackenzie and Mitchell, 1957). It should be noted 
that Carthew and Cole (1953) described their equipment as possessing a 
stainless steel lid to cover the block during analysis so as to screen the 
sample and reference material from direct radiation from the furnace tube 
at high temperatures. However, over the years the use of the lid has been 
Hiscontinued. In this study it has been found that, at low furnace tem- 
peratures, the presence or absence of the lid is important for the effect 
to be described. 


DILUTED SAMPLES 


The effect investigated is illustrated in Fig. 2, which shows differential 
thermal curves produced by varying weights of vermiculite; the differ- 
ential thermocouple being radially arranged and there being no coven ne 
‘id to the sample holder. It is seen that when the weight of vermiculite is 
ceduced to 25% of that required to fill the sample holder an inflection at 
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A | | 


B | ai] eee 


[3 ho es 
O 100 200 300 


TEMPERATURE (°C) 


Fic. 2. Differential thermal curves of vermiculite and hydrobiotite produced by the 
equipment described by Carthew and Cole (1953) and run under the following conditions: 

A. Vermiculite (0.8 g.) filling the whole of the sample holder. 

B. Vermiculite (0.2 g.) mixed with alumina so as to fill the whole of the sample holder. 

C. Vermiculite (0.1 g.) mixed with alumina so as to fill the whole of the sample holder. 

D. Hydrobiotite (0.8 g.) filling the whole of the sample holder. 


about 140° C. (B, Fig. 2) is apparent in the main low-temperature endo- 
therm of the undiluted vermiculite (A, Fig. 2). Dilution to 123% ac- 
centuates the effect (C, Fig. 2). The differential thermal curve of a sample 
of hydrobiotite (D, Fig. 2) demonstrates a similar effect in a sample low 
in vermiculite (the vermiculite: biotite ratio of this sample is 1:3, Cole 
and Hosking, 1957). An extra endothermic peak can also be produced in 
the low-temperature region in samples of sodium montmorillonite (Wy- 
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oming bentonite) by similarly reducing the amount of the sample in the 
sample holder by dilution with inert material; the effect is thus not re- 
stricted to vermiculite. 

The effect is mot observed when differential thermal curves of diluted 
vermiculite are made with the sample covered by a lid or with equipment 
in which the differential thermocouple is arranged along the axis of the 
sample holder. 


SAMPLE POSITION AND THERMOCOUPLE ARRANGEMENT 


Since an extra endothermic peak can be induced by dilution of the 
sample for a particular arrangement of the differential thermocouple, it 
seems reasonable to expect that the disposition of the sample with re- 
‘spect to the thermocouple and the thermocouple arrangement must 
result in different thermal effects at the thermocouple bead. Conse- 

| quently, a study was made of the influence on the differential thermal 
‘curve of placing samples of vermiculite, halloysite and gypsum in sepa- 
rate runs, above and below the differential thermocouple when this was 
arranged radially and along the axis of a cylindrical sample holder. The 
}results in Fig. 3 show that: 

(1) No matter how the thermocouple is arranged, the peak tempera- 
iture is higher when the sample is below the thermocouple than when it 
iis above; the difference is greater for a radial arrangement; 

(2) When the thermocouple is arranged along the axis of the sample 
holder, the peak is sharpest and its area greatest when the sample is 
| below the thermocouple; when the thermocouple is arranged radially the 
‘area of the peak is not greatly dependent upon the position of the sample 
(but the peak is sharpest when the sample is placed above the thermo- 
couple; 

(3) When the differential thermal curves of vermiculite made with the 
sample below and above the thermocouple are compounded, an extra 
‘peak is introduced when the thermocouple is arranged radially (A, Fig. 
'3) but not when it is arranged along the axis of the sample holder (B, 
|Fig. 3). The origin of distortions in the differential thermal curves of 
‘halloysite and gypsum, when these are made with the thermocouple ar- 
ranged radially, also becomes apparent from the compounded curves. 

Observations (1) and (2) have been verified in a further set of experl- 

ents in which the peak area and peak temperature have been measured 
for the two thermocouple arrangements for a small amount of Vermueus 
lite (~0.2 gm.) bounded by alumina and placed at various positions In 
the sample holder, between top and bottom. The results are plotted in 
Fig. 4. Observation (1) above follows from the plot of peak Ise pe 
against sample position. Observation (2) above follows from the plot o 
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° 
the peak area per unit weight against sample position. It is not clear 
why in Fig. 4 the results from position 3 are lower than those from posi- 
tions 2 and 4. This anomaly does not affect the above observations. 


SAMPLE LID 


It has previously been stated that when the sample is covered by a 
lid the abnormal effect is eliminated. This is because, when a lid is used, 


Temperature (°C) 


(0) 100 200 
See eh VR 
A \} 
4 


VERMICULITE 


pig 
B 
= 
\' 
ee | 
O 100 200 


Fic. 3. Differential thermal curves of vermiculite, halloysite and gypsum as follows: 
A. Differential thermocouple arranged radially through the center of the cylindrical 
sample holder as in Fig. 1A. 
B. Differential thermocouple arranged along the axis of the cylindrical sample holder 
as in Fig. 1B. 
~ ~—~ Sample {about 0.2 g.) mixed with alumina to occupy fully the upper half of the 
sample holder (1). 
Sample (about 0.2 g.) mixed with alumina to occupy fully the lower half of the 
sample holder (2). 
——— Curve compounded from (1) and (2). 
~:~:~+ Sample (about 0.4 g.) mixed with alumina to occupy all the sample holder. 
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there is no longer a difference in temperature between the dehydrations 
of the sample from different parts of the block as was demonstrated to 
exist in Fig. 4 for an uncovered sample holder. This was verified in a 
separate experiment in which, for the radial thermocouple arrangement, 
the presence of a lid resulted in an increase by 30° C. in the temperature 
at which a 0.2 g. sample of vermiculite at the top of the sample holder 
(position 7, Fig. 4) dehydrated endothermically. 


REMARKS 


When in differential thermal analysis the differential thermocouple is 
arranged radially across the center of an uncovered sample holder, an extra 
low-temperature endothermic effect can be produced from clay minerals 
if the weight of a sample component that is undergoing a low-tempera- 
ture endothermic reaction becomes so low that the thermal effects from 
all parts of the sample do not even out at the thermocouple junction. 
Under such conditions, as the furnace temperature is raised the upper 
part of the sample dehydrates first, and this dehydration proceeds to 
completion before the sample in the lower part of the sample holder 
reaches the dehydration temperature. The differential thermocouple 
which has its bead and all its length common to the two halves of the 
sample thus tends to record two separate dehydration reactions. This 
is not the case when the differential thermocouple is arranged along the 
axis of the sample holder, for although the sample dehydrates as before, 
the arrangement of the thermocouple is such that the thermocouple 
records very little of the thermal reactions that take place in the upper 
half of the sample, its bead alone being in contact with this part of the 
sample. These observations imply that conduction of heat along the 
thermocouple wires is an important means of transferring the heat of 
reaction from the sample to the thermocouple bead. They also indicate 
that most of the thermal effect comes from the sample in the immediate 
vicinity of the thermocouple wires. These observations do not appear to 
have been considered in the theory of differential thermal analysis as 
yet, though the transfer of heat from the sample holder to sample (or 
vice versa) by conduction along the thermocouple wires, which results 
in a reduced peak area, has been discussed by Sewell (1955), Boersma 
(1955) and de Josselin de Jong (1957) for simplified geometrical arrange- 
ments. The observation that the upper half of the sample is largely 
wasted when the thermocouple is arranged vertically is in agreement 
with de Josselin de Jong’s conclusion that ‘‘if the sample height sur- 
passes a certain limit, the surplus of material does not influence the boas 
area, apparently being out of the influence zone of the thermocouple. 

When the differential thermocouple is arranged radially across the 
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Fic. 4. Effect of the position of the sample in the sample holder on peak area (A) and 
peak temperature (B). 


-- — — — Differential thermocouple arranged radially through the center of the cylindrical 
sample holder as in Fig. 1A. 


———— Differential thermocouple arranged along the axis of the cylindrical sample holder 
as in Fig. 1B. 
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center of a covered sample holder no extra low-temperature endothermic 
_ peak is introduced in the differential thermal curves of diluted samples 
of clay minerals, for the thermal effects from all parts of the sample 
_reach the thermocouple junction at nearly the same time. The effect of the 
covering lid is to trap water vapor beneath it in the upper layers of the 
_sample, so that a pressure of water vapor is generated which raises the 
dehydration temperature of the upper layers to a value which approaches 
that for the lower layers. 
However, the fact that the effects described here have, for natural clay 
_samples, been observed only with vermiculite indicates that it also must 
play a role. In the structure of this mineral the silicate layers are sepa- 
rated by the exchangeable cations which surround themselves by either 
a single or double sheet of water molecules, depending upon the relative 
‘humidity and temperature of the surrounding air (Walker and Cole 
| 1957). Should water vapor concentrate within a sample of vermiculite it 
will be absorbed so as either to expand the structure from one possessing 
_a single sheet to one possessing a double sheet of water molecules, or to 
‘increase the number of water molecules in the double sheet structure. 
When the differential thermocouple is arranged radially across the center 
(of an uncovered sample holder, water vapor moves upwards to the at- 
mosphere and downwards into the sample as the top layers dehydrate. 
That moving downwards cannot readily escape from the bottom half of 
the sample holder and produces a broad double endothermic peak (ver- 
‘miculite sample A, Fig. 3) typical of a well-filled double layer structure. 
“The peak from the upper half of the sample is much sharper and is 
‘typical of a partially-filled double layer or a single layer structure. 
When the differential thermocouple is arranged along the axis of the 
sample holder a sharp peak is produced from both halves of the sample 
since water vapor can readily escape from both regions. When the 
‘sample is covered by a lid the egress of water vapor is restricted to the 
‘thermocouple lead-ins, so that more uniform conditions are created 
within the sample holder and both top and bottom halves of the sample 
dehydrate under similar conditions and at similar temperatures. A true 
differential thermal record is then produced for vermiculite (and for 
‘montmorillonite too since it has a similar structure) with both types of 
differential thermocouple arrangements. Other examples of the impor- 
‘tance of a lid in modifying differential thermal curves have been dis- 
cussed by Kulp, Wright and Holmes (1949) for rhodochrosite and by 
Rowland and Jonas (1949) for siderite. 
It should be noted that despite the limitations discussed here, which 
apply only to the low-temperature region, the radial arrangement of 
‘the differential thermocouple makes more economical use of the sample 
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than the axially arranged one and should possess a higher sensitivity 
despite there being high conduction losses to the inert sample because 
of the short length of connecting wire used. The arrangement also has 
the advantage that the thermocouple beads can be more easily centered 
and this enables a better control of base-line drift. It becomes par- 
ticularly valuable when small weights of sample only are available for 
the sample can (and should) be sandwich packed around the differential 
thermocouple leads so as to produce a maximum, but true, differential 
thermal effect. 
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SOME FACTORS CONCERNING THE NATURE 
AND ORIGIN OF GLAUCONITE 


Joun Hower, Montana State University, Missoula, Montana. 


ABSTRACT 


’ The compositional variations of glauconite can be related to differences in mixed- layer- 
ing involving “illite” (10 A) and “montmorillonite” (expandable) layers. The interlayer 
cations potassium and rubidium and the octahedral cation iron decrease with i increasing 
amounts of expandable layers. Strontium increases rapidly with increasing per cent expand- 
able layers and because it is largely exchangeable is assumed to be present in the expand- 
able layers as an exchange ion. 

The relationships between structure and composition are used to examine Burst’s 
‘model for glauconitization. Pellets that occur in clean sandstones, limestones and dolomites 
are almost exclusively monomineralic, consisting only of mixed-layer illite/montmorillonite 
jwith a low per cent expandable layers. Pellets that occur in argillaceous sandstones and 
‘marls frequently contain extraneous clay minerals and the illite/montmorillonite contains 
ja high per cent expandable layers. Because of the well known observation that glauconite 
‘forms only at relatively low sedimentation rates it is concluded that the pellets occurring 
‘im argillaceous sandstones and marls represent less glauconitized material than those pellets 
occurring in clean sandstones, limestones, and dolomites. These observations fit Burst’s 
‘model for glauconitization which assumes a degraded 2:1 layer-lattice structure as the 
‘parent material and the glauconitization process as a gradual substitution of iron for alu- 
iminum in the octahedral positions, a concomitant gradual increase in lattice charge (arising 
from the octahedral layer) and a consequent increase in interlayer potassium which results 
lim the collapse of increasingly more layers to the non-expandable 10 A type. It is also 
shown that potassium increases with octahedral charge and is independent of tetrahedral 
charge, a phenomenon predictable from Burst’s model but no other. 

~ Glauconites differ significantly in composition and structure with geologic age. Young 
zlauconites are lower in potassium (and thus higher in per cent expandable layers) and 
are more frequently mineralogically heterogeneous than older glauconites. A large part of 
these age differences appears to be explainable on the basis of lithologic association. How- 
sver, there is some evidence for late epigenetic gain of potassium. 

Weaver has shown similar differences with geologic age in the clay mineral assemblages 
bf shales. Because of this similarity and because a good case can be made for attributing 
-nost of the variations in the mineralogy of glauconite pellets to diagenetic effects, it is sug- 
eested that diagenesis may have played an important role in the formation of the clay 
i hcral assemblages of shales. 


INTRODUCTION 


Burst (1958a, 19585) has recently shown that glauconite pellets are 
composed of mineralogically heterogeneous material. He has divided the 
vellets into four classes on the basis of a-ray diffraction data: (1) Ordered 
(OA structures, (2) Disordered 10 A structures, (3) Interlayered struc- 
\ures, and (4) Mixed mineral pellets. The first three classes form a series 
of increasing potassium from class (3) to class (1). The fourth class 
ncludes glauconite pellets composed of more than one clay mineral. No 
elation was found between external morphology and mineralogical com- 
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position. Burst has shown clearly that since some pellets are mineral 
mixtures any interpretation of the chemical composition of glauconite 
must be aided by an x-ray diffraction determination of the mineralogical 
composition. 

Investigations into the origin of glauconite previous to those of Burst 
were greatly handicapped by the lack of «-ray diffraction data. One of 
the major problems concerning the origin of glauconite has been the 
type of starting (parent) material. The conclusions of these previous in- 
vestigations as to the nature of the glauconitization process have been 
colored by what appeared to be the parent material in a particular in- 
stance of glauconite formation. For this reason Galliher (1935, 1939) 
proposed that glauconitization involved the alteration of biotite, the 
chemical changes involved being: (1) oxidation of the iron already pres- 
ent, (2) partial loss of potassium, (3) “hydration,” and (4) partial loss of 
aluminum. Takahashi (1929, 1939), on the other hand suggested that the 
parent material for glauconite formation was an amorphous gel of 
aluminates and silicates. This material, he assumed, was derived from 
a number of preexisting materials such as volcanic glass, mica, clays in 
fecal pellets, feldspar, etc., by hydration and consequent gelatinization. 
Subsequent recrystallization during diagenesis (‘‘submarine metamor- 
phism’’) along with compositional changes give rise to glauconite. The 
composition changes that Takahashi proposed include an increase in 
potassium and iron and a decrease in aluminum. 

The model of glauconitization proposed by Burst assumes that the 
immediate starting material in the formation of glauconite can be any 
degraded (expandable) layer lattice mineral. The process of glauconitiza- 
tion according to this model consists of absorption of potassium and iron 
by the degraded layer lattice material under the proper environmental 
conditions. This model fits the known data on glauconites better than 
any previously proposed. The main purpose of the present study was to 
attempt to test the model for glauconitization with data supplementary 
to that provided by Burst. An additional purpose was to relate the com- 
positional and structural variations in glauconite that are of interest to 
the use of this material in the radioactive dating of sedimentary rocks. 


EXPERIMENTAL METHODS 
X-ray Diffraction Determinations 


Oriented specimens of the glauconites were prepared for the x-ray 
diffraction determinations. A sample was first disaggregated in distilled 
water, either by grinding or ultrasonics, and the suspension was then 
centrifuged through a porous porcelain plate. This technique was de- 
vised by Kinter and Diamond (1956). 
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The type and extent of interlayering was determined from diffraction 
patterns of treated samples. Patterns were obtained on untreated, glycol 
solvated, and potassium-treated (with a 1N KCl solution) samples. Most 
of the samples were also run after heat treatments in the range 500- 
600° C. for a period of 5 hour in order to detect the presence of chlorite 
layers. The per cent expandable layers was determined from the position 
of the combined 001/001 reflection following glycol solvation and also 
following potassium treatment. The per cent expandable layers was read 
from the curves of Brown and MacEwan (1951) and Weaver (1956) re- 
lating d-spacing to amount and type of interlayering, and is reported to 
the nearest five per cent. 

Randomly oriented x-ray diffraction patterns were run on a number 
of glauconites to determine polymorphic type. 


Chemical Analyses 


Potassium was determined flame photometrically with a Perkin-Elmer 
instrument using lithium as the internal standard. The samples were 
taken into solution using a HF-HCI1O, attack. The standard deviation of 
the determinations is +three per cent of the amount present. 

Strontium and rubidium were determined x-ray spectrographically 
using the method described by Hower (1959). Standards were prepared 
by mixing carbonates of Rb and Sr with Al,O3. Arsenic was used as the 
internal standard. The precision of trace element «-ray spectrographic 
techniques is best expressed in terms of absolute amount. The standard 
deviation of the Sr and Rb determinations is about +5 ppm. Therefore, 
the relative precision of the determination of Sr in some glauconites is 
quite poor. 

Iron was determined for a few samples by a semi-quantitative x-ray 
spectrographic method. A one point working curve was constructed 
using an analyzed sample (the Bashi fm.) as the known point. The slope 
of the working curve was adjusted by calculating absorption coefficients 
for six additional analyzed glauconites relative to the Bashi sample. The 
standard deviation of the determinations is +2 per cent of the amount 
present. The accuracy is thought to be within +10 per cent. Iron is 
reported as Fe20;. 


RESULTS AND DISCUSSION 
Relationship Between Glauconite Composition and Structure 


As discussed in the previous section, the method of sample prepara- 
‘ion for a-ray diffraction determinations was different from that em- 
dloyed by Burst (1958a, 1958). The more vigorous orientation tech- 
aique results in a lack of patterns showing the 448 A peak exhibited by 
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Burst’s ‘‘disordered”’ type of glauconite. A comparison 6f the results of 
both methods can be briefly made as follows. All glauconites are inter- 
layered to a certain extent. The interlayering is almost exclusively be- 
tween expandable (montmorillonitic) layers and non-expandable 10 A 
layers. Patterns obtained from glycolated, potassium-treated, and heat- 
treated samples show no appreciable amount of chlorite or vermiculite 
layers in any glauconite. Burst (personal communication, 1960) has 
detected chlorite in some glauconites and has pointed out that the heat 
treatment used in this study would destroy some sedimentary chlorites. 
Glauconites exhibit a continuous series from <5 per cent to approxi- 
mately 40 per cent expandable layers. A comparison with Burst’s first 
three classes can be related to the amount of expandable layers. An ap- 
proximate comparison is that ‘“‘ordered”’ glauconites contain <10 per 
cent expandable layers, ‘‘disordered”’ glauconites 10-20 per cent expand- 
able layers, and “‘interlayered” glauconites >20 per cent expandable 
layers. Figure 1 shows the diffraction patterns of glauconites that cover 
the range from <5 per cent to approximately 30 per cent expandable 
layers. 
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lic. 1. Examples of monominerallic glauconite pellets composed of mixed-layer illite/ 
montmorillonite. The samples are glycol solvated. (upper left) Tonto Fm., Cambrian, 5% 
expandable layers, 6.7% K; (upper right) Bonne Terre Fm., Cambrian, 10% expandable 
layers, 6.9% K; (lower left) Gros Ventre Fm., Cambrian, 15% expandable layers; (lower 
right) Colorado shale, Cretaceous, 25% expandable layers, 4.2% K. 
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Fic. 2. The relationship between weight per cent potassium and per cent expandable 
layers in monominerallic mixed-layered illite/montmorillonite glauconite pellets. 


Randomly oriented diffraction patterns gave the same results as those 

reported by Burst (1958). Glauconites with a low per cent of expandable 
layers are the 1M polymorph; glauconites with a high per cent of ex- 
pandable layers are the 1Md polymorph. 
_ Table Lis a summary of the structural and some of the compositional 
data on glauconites for which «-ray diffraction data are available. A por- 
tion of the diffraction data was obtained during the present study. The 
remaining diffraction data were obtained from Burst (1958a, 19585) and 
“Warshaw (1957). The sources for data of all types are noted in the table. 
The values reported of per cent expandable layers from the Burst sources 
were roughly estimated from his patterns of untreated samples. None of 
these estimated values are used in the plots relating compositional and 
structural changes which follow. 

The samples are listed in Table I in order of increasing amounts of 
expandable layers. Some relationships between structure and chemical 
composition can be noted. Potassium decreases with increasing per cent 
expandable layers. This is the same trend noted by Burst for his first 
three classes. Figure 2 is a plot of weight per cent potassium against per 
cent expandable layers for glauconites that are not clay mineral mixtures. 
‘The plot indicates a continuous series in glauconites that covers a wide 
range of potassium content. 

Other elemental variations can be related, at least in part, to struc- 
tural variations. Figure 3 is a plot of strontium against per cent expand- 
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able layers for glauconites which are not clay mineral meixtures and con- 
tain no detectable calcite. The strong positive correlation suggests that 
Sr is an exchange ion present in the expandable layers. Table II compares 
the Sr contents of glauconites that have been treated with a one normal 
NH,Ac solution with untreated samples. It is apparent that most of the 
Sr in these glauconites is easily exchangeable. The conclusion is that most 
of the Sr present in glauconite pellets is indigenous to the glauconite and 
is adsorbed on the basal plane surfaces of the expandable layers. This 


ppm Sr 


/0 20 30 40 
Percent Expandable Layers 


Fic. 3. The relationship between strontium and per cent ex- 
pandable layers in carbonate-free glauconite pellets. 


conclusion differs from that of Herzog et al (1958), who determined Sr in 
glauconites in the course of Sr/Rb dating studies, and attributed the 
strontium variations in glauconite wholly to calcite contamination. Their 
HCl treatment to remove calcite would also remove exchangeable Sr 
held by the glauconite. However, addition of ‘‘“common”’ Sr to glauconite 
samples by calcite contamination could undoubtedly be significant for 
glauconites that are intrinsically very low in Sr. An example is sample 
number 8 in Table I (Mt. Whyte Fm.) which contains only 10 per cent 
expandable layers and 116 ppm. Sr. Calcite is readily detectable in this 
sample by x-ray diffraction. 

Rubidium decreases roughly with increasing amounts of expandable 
layers (Fig. 4). Rubidium does not decrease as rapidly as potassium, 
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Fic. 4. The relationship between rubidium and per cent ex- 
pandable layers in glauconite pellets. 


probably because it is preferentially adsorbed in the expandable layers. 
Jn the basis of the most limited data shown in Table II, the Rb is non- 
»xchangeable. Most of the Rb is undoubtedly held in the non-expandable 
ayers. 

- Potassium, rubidium, and strontium are interlayer cations in glau- 
sonite and would thus be expected to show some relationship with the 
yer cent expandable layers. Iron is octahedrally coordinated in the 


FABLE II. Errect or NHiAc TREATMENT ON THE STRONTIUM CONTENT OF GLAUCONITES 


% hak ae 
Sample Expand- 
able Untreated ee d Untreated ae a 
Tonto Fm. <i 5 ~ 10 ~10 310 295 
Birkmose Fm. 5 20 ~10 290 = 
Bashi Fm. 10 40 ~10 290 — 
Franconia Fm. 10 ~ 15 ~10 265 265 
Gros Ventre Fm. 15 25 ~10 275 = 
Colorado Fm. 25 100 25 320 330 
Sundance Fm. 30 15 40 245 235 
Moody’s Branch Fm. 30 170 60 145 150 
Byram Fm. 40 245 25 165 175 


a a a ee 


322 JOHN HOWER 


glauconite structure and would therefore not necessariby show any rela- 
tion with the nature of inter-layering. Figure 5 is a plot of total iron, 
reported as Fe,O;, against per cent expandable layers. There appears to 
be a rough correlation, the possible significance of which will be dis- 
cussed in a later section. 
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Fic. 5. The relationship between total iron as Fe:O3; and per 
cent expandable layers in glauconite pellets. 


RELATION BETWEEN LiTHOLOGIC TYPE OF ENCLOSING 
SEDIMENT AND GLAUCONITE STRUCTURE 


Warshaw (1957) has pointed out a relationship between glauconite 
structure and the lithologic nature of the rock type in which the pellets 
occur. For twelve occurrences she found the following relationships: 
Glauconites equivalent to Burst’s “ordered” and, in part, ‘‘disordered” 
type occurred ina dolomite, a chert, and sandstones in which the detrital 
grains are mostly quartz, quartzite, or chert and the cement is silica 
and/or carbonates; glauconites of Burst’s ‘‘disordered” type occurred in 
a subarkosic sandstone and a bentonitic shale; “mixed-layer’” type 
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slauconites occurred in sandstones containing large amounts of feldspar, 
‘lay minerals other than glauconite, and mica. 

Included in Table I is, when known, the general nature of the litho- 
ogic type of the enclosing sediment in which the glauconite sample oc- 
urs. The lithologic description is generalized and simplified—it is hoped 
1ot oversimplified. Table III is a summary of these data, dividing glau- 
onites into two groups, those with <10 per cent expandable layers and 
hose with >15 per cent expandable layers. Glauconites with <10 per 
ent expandable layers occur predominantly in non-argillaceous quartz- 
se sandstones and “normal” carbonate rocks (limestones and dolo- 
nites). Glauconites with >15 per cent expandable layers occur pre- 
lominantly in argillaceous sandstones and marls. 


THE ORIGIN OF GLAUCONITE 


| Burst (1958a, 1958) has proposed, on the basis of his investigations; 
1 model for the origin of glauconite that reconciles many of the older 
proposals. He suggests that the process of glauconitization requires 
imply (1) a degraded silicate layer lattice, (2) a plentiful supply of iron 
nd potassium, and (3) a suitable redox potential. The redox potential 
s frequently supplied by a locally reducing environment associated with 
lecaying organic matter, in a generally oxidizing environment. The 
ocally reducing environment can be present in fecal pellets, inside fo- 
aminiferal tests, etc., hence the frequent glauconitization of these ma- 
erials. Other factors, such as sedimentation rate, water temperature, 
vater depth and parent material can have an influence on the specific 
nature (type) of glauconite that forms. Burst further suggests that the 
hemical changes involved in glauconitization are “the adjustment by 


bsorbing iron and potassium into... impoverished clay lattices in 
mounts controlled, in part, by the surrounding sea-water chemis- 
ry....’’ By impoverished is meant degraded; that is, a layer-lattice 


tructure consisting largely or wholly of loosely bonded (expandable) 
ayers. This expandable material could also include the montmoril- 
onoids as well as degraded originally non-expandable layer-lattices. Pre- 
umably, given the proper chemical conditions and enough time the ma- 
erial would approach the composition and structure of Burst’s “‘mineral 
lauconite.” Burst has defined the “mineral glauconite” on the basis of 
is “ordered” glauconites—those which have few expandable layers, 
rdered stacking, and are high in potassium. 

The data reported in previous sections can be profitably used to test 
he model for glauconitization proposed by Burst. First, however, it 
vould be well to attempt to describe the mechanism of chemical change 
n more detail, The “absorption of potassium and iron” would involve 
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TABLE III. RELATION BETWEEN GLAUCONITE STRUCTURE AND 
LirHoLocic TyPE OF ENCLOSING SEDIMENT 


Sample 


Age 


Lithology 


a. Glauconites with <10 per cent expandable layers 


Tonto Fm. 
Birkmose Mem. 
Reno Mem. 
Park Fm. 
Mahele Fm. 
Mt. Whyte Fm. 
Stenbrottet ls. 
San Saba Mem. 
Tyner Fm. 
Bonne Terre Fm. 
Vidono Fm. 
Bashi Fm. 


Cambrian 
Cambrian 
Cambrian 
Cambrian 
Paleocene 
Cambrian 
Ordovician 
Cambrian 
Ordovician 
Cambrian 
Cretaceous 
Eocene 


clean quartzose ss 
clean quartzose ss 
clean quartzose ss 
clean quartzose ss 
clean quartzose ss 
calcareous ss 
limestone 
limestone 
dolomite 

dolomite 

chert 

marl 


b. Glauconites with =15 percent expandable layers 


Lion Mt. Mem. 
Gros Ventre Fm. 
Murray sh. 
Carlisle Cent. Fm. 
Temblador Fm. 
Warshaw #9 
Domengine Fm. 
Colorado Fm. 
Panoche fm. 
Ripley Fm. 
Reklaw Fm. 
Sundance Fm. 
Winona I'm. 
Weches Fm. 
Navesink Fm. 
Wilcox I'm. 
Burditt Marl 
Carrizo Fm. 
Prairie Bluff Fm. 


Moody’s Branch Fm. 


Mathews Ldg. 
Byram I'm. 
Martinez I'm. 
Morrow Em. 
Matalani I'm. 


Cambrian 
Cambrian 
Cambrian 
Devonian 
Cretaceous 
Cretaceous 
Eocene 
Cretaceous 
Cretacoeus 
Cretaceous 
Eocene 
Jurassic 
Eocene 
Eocene 
Cretaceous 
Eocene 
Cretaceous 
Eocene 
Cretaceous 
Eocene 
Paleocene 
Oligocene 
Paleocene 


Pennsylvanian 


Eocene 


limestone 
argillaceous ss 
argillaceous ss 
argillaceous silt 
argillaceous ss 
argillaceous felds. ss 
argillaceous felds. ss 
argillaceous ss 
argillaceous ss 

calc. argillaceous ss 
argillaceous ss 
argillaceous ss 
argillaceous ss 
argillaceous ss 
marl 

marl 

marl 

marl 

marl 

marl 

marl 

marl 

telds. ss 
arenaceous sh. 
chert 
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he adsorption and subsequent fixation of these ions in the lattice and the 
imultaneous release of other ions that were either exchanged on or 
ixed i in the lattice of the parent material. During the glauconitization 
yrocess iron would have to make its way into the octahedral layer of the 
arent layer lattice mineral, where it would commonly take the place of 
Juminum. The replacement mechanism would most easily be accom- 
lished in parent material of a degraded nature consisting largely of ex- 
andable layers—the parent material suggested by Burst. The iron ions 
ould migrate into the expandable layers, be adsorbed there, and even- 
ually diffuse into the octahedral layer, replacing aluminum ions. Most 
kely the rate of supply of iron ions would not be high considering the 
yw concentration of soluble iron compounds in the ocean. Also, the re- 
lacement process would probably be slow. Once the material being 
lauconitized was buried very far below the sediment-sea water inter- 
ace (where the proper chemical environment is present) the process 
yould stop. 

_ A few observations can now be made relating this proposed mechanism 
i glauconitization to the known facts of glauconite formation. 

_A low or negative sedimentation rate has been recognized as a condi- 
ion necessary for the formation of glauconite (Cloud, 1955). If the rate 
# sedimentation is too high, glauconite does not form. In terms of the 
‘roposed model this means that the rate of supply of degraded argil- 
aceous material must be low and that the material being glauconitized 
vould remain at the sediment-sea water interface a long time. There 
sould, of course, be a range of sedimentation rates—other factors being 
onstant—over which glauconite could form. The glauconitization proc- 
ss would not proceed as far when the sedimentation rate was at the 
igh end of the range as toward the lower. Therefore, the glauconitiza- 
‘en process under more rapid sedimentation would be arrested some- 
rhere along the series “degraded jlayer llattice mineral’’—“‘mineral 
lauconite.” This is here proposed as the reason for the relationship be- 
ween glauconite structure and lithologic type of the enclosing sediment 
10wn in Table III. Glauconites containing 215 per cent expandable 
wyers are found dominantly in argillaceous sandstones and marls in 
‘hich the rate of supply of argillaceous material is high. In contrast, 
lauconites with <10 per cent expandable layers occur dominantly in 
‘ean quartzose sandstones and normal carbonate rocks in which the 
ute of supply of argillaceous material is low. 

Burst (19585) has shown a similar effect of sedimentation rate on the 
lauconite type that forms. In a group of glauconites he has studied from 
ae Tertiary, glauconites occurring at unconformities approach his “‘or- 
ered” type in contrast to glauconites occurring in conformable sedi- 
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ments that tend to be of his “disordered” and “‘interlayered” types. Pre 
sumably the glauconites occurring at unconformities had a longer tm 
to approach the ordered potassium-rich (low per cent expandable layers? 
end product and remained near the sediment-sea water interface longe 

Since the rate of formation of glauconite is slow, it can be conclude 
that degraded or expandable material with a high lattice charge woul 
probably not be easily glauconitized. Weaver (1958c) has shown tha 
such material rapidly adsorbs potassium from sea water and collapses to é 
non-expandable lattice. Once the layers collapse it would be difficult foi 
iron to make its way into the octahedral layers and glauconitizatior 
would proceed only slowly, if at all. Therefore, if the parent material for 
glauconite formation is a degraded layer lattice mineral, its susceptibility 
to glauconitization should be greatly enhanced if the lattice charge were 
relatively low. This means, then, an increase in net lattice charge anc 
therefore a consequent increase in the number of interlayer cations 
(mainly potassium) as glauconitization proceeds. This fits the model sug- 
gested by Burst. If this model is at least approximately correct, potas- 
sium and iron should be directly proportional to each other and both 
should be inversely proportional to the per cent expandable layers. The 
model, however, does not require a one to one correlation between the 
parameters. It means only that potassium (which depends on net lattice 
charge) and iron increase—though not necessarily at the same rate— 
together during glauconitization. Figure 5, presented previously with- 
out a suggested explanation, shows that iron is roughly inversely pro- 
portional to per cent expandable layers. Figure 6 shows that iron is pro- 
portional to potassium. These relationships conform with the predictions 
made above and based on Burst’s model for glauconitization. These re- 
lationships would not be predicted by other proposed mechanisms of 
glauconitization such as crystallization from amorphous material or the 
alteration of biotite. 

Another question which arises is that of the structural position of the 
increase in net lattice charge during glauconitization. Again following 
the proposed model, one would conclude that the increase in charge 
takes place in the octahedral layer—for it is in this layer that extensive 
ionic substitution takes place. It is also possible, of course, that some 
substitution takes place in the tetrahedral layer—of iron for aluminum 
or silicon—as suggested by Hoebeke and Dekeyser (1955). However, the 
presence of iron in tetrahedral coordination has yet to be proved (War- 
shaw, 1957). Assuming that the increase in net charge takes place by 
substitutions in the octahedral layer, it can be predicted that the total 
number of interlayer cations would increase with the net octahedral 
charge and that no specific relationship would be expected between the 
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foumber of interlayer cations and the net tetrahedral charge. Figures 7 
}ind 8 indicate a confirmation of this prediction. Figure 7 shows an in- 
|-rease in potassium with increasing octahedral charge. Figure 8 shows no 
»bvious relationship between potassium and tetrahedral charge. The 
data plotted in these figures were obtained from structural formulas cal- 
Joulated by Hendricks and Ross (1941), Burst (19586) and Warshaw 
(1957). The relationships are somewhat open to question for they may 
Icesult, in part, from the method of calculation of a structural formula. 


Percent K 


Total Fe as Fe, 0, 


Fic. 6. The relationship between potassium and iron in glauconite pellets. 


tiowever, if the structural formulas are close to reality, the relationships 
tre valid. Another feature that suggests that the increase in lattice charge 
|. predominantly in the octahedral layer is that the mean octahedral 
fharge (—0.92) in glauconite is higher than for any other 2:1 clay min- 
fal. 

| To summarize, the data reported in the previous section lend support 
)> Burst’s model for glauconitization. The model is as follows: (1) the 
harent material can be any degraded 2:1 layer lattice mineral (except 
aose with a high net lattice charge); (2) the material must be subjected 
> locally reducing conditions in a generally oxidizing environment— 
nis usually occurs in fecal pellets, foraminiferal fillings, ete.; (3) an 
bundant supply of K and Fe must be present. This condition is met 1n 
é marine environment and not in fresh water environments; (4) glau- 
nitization proceeds by the slow substitution of iron in the octahedral 
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Net Octahedral Charge 


0.80 400 120 440 460 


Fic. 7. The relationship between net octahedral charge and the number 
of potassium ions per unit cell in glauconites. 


layer, usually displacing aluminum. Along with this substitution there 
is a gradual increase in the lattice charge with the consequent uptake of 
more potassium and the eventual collapse of increasing amounts of layers 
to 10 A. The end product is high in iron and potassium and the structure 
consists mainly of non-expandable 10 A layers. 
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Fic. 8. The relationship between net tetrahedral charge and the 
number of potassium ions per unit cell in glauconites. 
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Other factors such as temperature and sedimentation rate will control 
fhe rate of the chemical reactions and also determine how far the reac- 
ition proceeds before it is stopped. This gives rise to the serial relation in 
| omposition and structure found in glauconites. One end of this series 


s/Pproaches a 2:1 layer lattice low in iron and potassium and high in 
j:[uminum and has a high percentage of expandable layers; the other end 
keaches the ‘mineral glauconite” which is high in iron and potassium, 
bow in aluminum, and has a low percentage of expandable layers. 


VARIATIONS IN GLAUCONITE STRUCTURE AND 
COMPOSITION WITH GEOLOGIC TIME 


Several writers (Warshaw, 1957, Conway, 1942, and Smulikowski, 
(954) have commented on the variations of glauconite composition with 
jkeologic times. Warshaw found no apparent changes. However, both 
|onway and Smulikowski noted a potassium “deficiency” in Tertiary 


TABLE IV. SUMMARY OF THE STRUCTURE AND COMPOSITION OF 
GLAUCONITES OF DIFFERENT GEOLOGIC AGES 


Per cent expandable 


Geologic No. of layers pes No. of 
age samples K Anal. 
Mean Range Mean Range 
barly Paleozoic 14 <i), << Gal 6.1 4,9-6.9 11 
hate Paleozoic 17 ~20 10-30 4.8 oS 082 
and Mesozoic 


b enozoic 19 ~25 10-40 4.3 2.3-6.2 9 


Iknd Recent glauconites. Table IV is a summary taken from the data in 
lable I, of the means and ranges of per cent expandable layers and per 
lent potassium for different portions of geologic time. The potassium 
nalyses are reported only for non-mixed-mineral glauconites. Quite ap- 
jiarent differences in structure and composition occur between Early 
aleozoic (Cambrian through Devonian) and all younger glauconites. 
Jlauconites younger than Devonian average considerably less potassium 
jind consequently have a more expandable structure. These data sub- 
lcantiate a potassium “deficiency” in young glauconites. Both Conway 
Imd Smulikowski have proposed explanations for this potassium defi- 
Kiency. Smulikowski interprets it as the result of changes in the chem- 
lsal environment of the ocean; Conway further proposes that this dif- 
lerence in environment is a result of a potassium deficiency in Tertiary 
ond Recent seas. There is, however, an alternate, simpler, e pienauon 
hased on the relationship between glauconite type and lithology of the 
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enclosing sediment, pointed out in a previous section. Most Early Paleo- , 
zoic glauconites that have been sampled occur in orthoquartzites and | 
normal carbonate rocks; most Mesozoic and younger glauconites occur ; 
in argillaceous sandstones and marls. Hence the structural and composi- 
tional relationship with geologic time. 
Even though the relationship between glauconite structure and com- 
position and lithologic type seems to provide an adequate explanation 
for the potassium deficiency in young glauconites, the possibility of epi- 
genetic gain of some potassium in Lower Paleozoic glauconites cannot be 
excluded. Some data indicate the possibility of epigenetic gain of potas- 
sium: (1) Four of the eleven Lower Paleozoic glauconites analyzed 
for potassium are higher in potassium than any younger glauconite; | 
(2) Three Lower Paleozoic glauconites were sampled from argillaceous 


TABLE V. FREQUENCY OF OCCURRENCE OF MIxED-MINERAL 
GLAUCONITES AS RELATED TO GEOLOGIC AGE 


: ~ No. of Mixed- ‘ ; Lithologic 
Geologic No. of Samples Nina emte Frequency Tyee 
Lower Paleozoic 14 i 0.07 arg. ss 
Upper Paleozoic a3 8 0.35 4 arg. ss 
and Younger 4 marls 


sandstones (sample numbers 14, 16, and 17), and have the least amount 
of expandable layers (15 per cent) of all glauconites occurring in argilia- } 
ceous sandstone. 

Another interesting mineralogical feature of glauconites is the fre- 
quency of occurrence of the ‘‘mixed-mineral” type of glauconite pellets 
(Burst’s type four) in different portions of geologic time. Table V is a 
summary of the known data from Lower Paleozoic and from Upper 
Paleozoic (Mississippian on up) and younger glauconites. The frequency 
of occurrence of mixed mineral glauconites in Lower Paleozoic glauco- 
nites is strikingly lower than the frequency in younger glauconites. As- 
suming a x” distribution, this has one degree of freedom and y?=3.94 
and a relationship can be rejected at the 0.05 level. 

Kaolinite and chlorite appear to be the usual extraneous clay minerals, 
present in glauconite pellets (Burst, 1958a). However, it is possible that 
many glauconites contain illite as a “contaminant.” The structure of il-j 
lite is the Same as that of glauconite, hence the detection of illite con-} 
tamination is difficult or impossible. It is possible that some “‘aluminous” } 
glauconites with a low per cent of expandable layers are actually illite con-} 
taminated. On the other hand, it can be pointed out that the relationship } 
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etween the iron and aluminum content of glauconite and the per cent 
xpandable layers indicates that the effect of illite contamination, if 
jiny, is masked. 

} Though the data are limited, it can be seen from Table V that, as with 
fhe variability in per cent expandable layers, the occurrence of mixed- 
ineral pellets appears to be related to the lithologic type of the enclosing 
ediment. All the mixed-mineral glauconites occur either in argillaceous 
fandstones or marls. No mixed-mineral pellets have been found to occur 
orthoquartzites or normal carbonate rocks. Also, extraneous clay 
Muinerals occur only in pellets in which the interlayered illite-mont- 
jmorillonite-type structure contains >15 per cent expandable layers. 
| he relationship could be explained in two possible ways: (1) The mixed- 
hoineral pellets were formed from a different (more heterogenous) source 
jaaterial from non-mixed-mineral pellets; (2) The extraneous clay min- 
trals are eliminated in some manner during the glauconitization process, 
Jeaving a simpler mineralogy. It would also seem likely, because of their 
Wympathetic variation, that the differences in interlayering and the 
tresence or absence of extraneous clay minerals have a common cause. 
\ The problem of the variations in the chemical composition and struc- 
jure of glauconite pellets with geologic age is a very interesting one, 
}specially in the light of the fact that the temporal variations are very 
x milar to the changes that have been found for clay mineral assemblages 
: shales. Weaver (1958a) has shown abundant evidence indicating that 
change in the clay mineral composition of shales takes place within 
ye Mississippian Period. Illite is the dominant clay mineral of pre- 
per Mississippian sediments. Post-Lower Mississippian clay mineral 
Deblaces tend to be more complex; illite is less abundant and kao- 


i 


| 
| 
| 


iuite and expandable clays (including mixed-layer illite/montmorillo- 
i te) are more abundant. 

| The relation between the clay mineralogy of glauconite pellets and 
Jcologic age is as follows. The clay mineral assemblages of glauconite 
pes in the Lower Paleozoic are almost always monomineralic inter- 
| 


‘\yered illite-montmorillonite structure averaging less than 10 per cent 
|tpandable layers. The mineralogy of Upper Paleozoic and younger 
jhauconite pellets is more complex in that the pellets frequently contain 
‘ctraneous clay minerals and significantly more expandable material 
(0-25 per cent). A summary of the comparison of clay mineral suites 
Jad glauconite pellet mineralogy of different geologic ages is shown 1n 
Hable VI. 

| Weaver (1958) has shown quite convincingly that the clay mineral 
jvomposition of Recent sediments strongly reflects the source material. 
| has further argued that this relationship can be applied to all sedi- 
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ments since the beginning of the Paleozoic. In other Words, he has con- 
cluded that clay minerals have a detrital origin and owe little of their 
character to diagenetic changes. The chemical changes that Weaver | 
agrees can take place involve only the interlayer cations and not the | 
ions present in the basic lattice-—those in octahedral and tetrahedral 


coordination. 

Weaver (1958) has also concluded that source material determines 
the mineralogical character of glauconite pellets. It cannot be denied 
that the mineralogical character of glauconite pellets reflects, in part, 
the source material. For example, it seems quite certain that the tetra- 


TABLE VI. CoMPARISON OF THE MINERALOGY OF GLAUCONITE PELLETS AND THE CLAY 
MINERAL ASSEMBLAGES OF SHALES OF DIFFERENT GEOLOGIC AGES 


Abundance of Expandable Material Complexity of Clay Mineral Assemblage 
Geologic 
i ; lay Mi 1 : 
Age Clay betes Glauconite Pellets Cay el Glauconite Pellets 
Suites Suites 
Pre-Upper illite the dominant Ave. <10% expandable lay- Generally simple Frequency of occur- 
Mississippian clay; little expand- ers in interlayered illite/ rence of mixed-mineral 
able material montmorillonite pellets 0.07 


Post-Lower illite less abundant; Ave. 20-25% expandable More complex, Frequency of occur- § 
Mississippian expandable clays layers in intei-layered illite/ containing more rence of mixed-mineral 
more abundant montmorillonite kaolinite and ex- pellets 0.35, kaolinite § 

pandable clays and chlorite the ex-/ 

traneous clays 


hedral charge and composition of the interlayered illite-montmorillonite | 
clay in glauconite pellets—that material of which most pellets are exclu-] 
sively composed—is inherited from the source. However, striking changes 
do take place in the basic lattice involving ions in the octahedral layer.) 
The present writer believes that the evidence given by Burst (19584, 
1958) and in this paper shows that the nature of the interlayered illite-} 
montmorillonite in glauconite pellets is determined overwhelmingly by] 
diagenetic changes and the resulting mineralogy reflects little of the} 
original character of the source material. The conclusions concerning the! 
reason for the presence or absence of extraneous clay minerals cannot} 
be stated so strongly. However, since most glauconite pellets (regard-} 
less of geologic age) are monomineralic it appears quite likely that the) 
glauconitization process tends to eliminate these clays. Monomineralic 
pellets frequently occur in matrix of heterogeneous clay minerals. As! 
Burst (1958a) has pointed out, ‘to prescribe . . . a ‘detrital’ background) 
for the argillaceous material in fecal pellets would be to prescribe an) 
organism which is capable of selecting only single-layer, monoclinic.) 
dioctahedral crystal fragments from among the innumerable diet possi- 
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poilities on the ocean floor.” Additional evidence that points to the proba- 
ipoility that extraneous clay minerals are eliminated during glauconitiza- 
tion is that extraneous clays occur only in pellets in which the inter- 
}ayered illite/montmorillonite contains >15 per cent expandable layers 
those pellets which have undergone the least glauconitization. Of 
jcourse, it is possible that both processes have been operative; i.e., younger 
jeediments have more heterogeneous sources and thus the glauconitiza- 


i}. 


‘ion process has not been able to eliminate extraneous clay minerals from 


)ellets as efficiently as in the Lower Paleozoic. 


CONCLUSIONS 


To summarize, it seems that glauconitization—which is a diagenetic 
}process—determines the bulk of the chemical and structural properties 
bi the clay minerals in glauconite pellets. Glauconitization involves large 
ithemical changes in the basic lattice and interlayer cations of the pre- 
lominant illite/montmorillonite clay that occurs in glauconite pellets 
jind appears to eliminate extraneous clay minerals. The mineralogy of 
;iauconite pellets is changed radically from the mineralogy of the source 
material. Therefore, since the clay mineralogy of glauconite pellets shows 
thanges with geologic time that are very similar to those changes ex- 
ihibited by the clay mineral suites of shales, it is tempting to suggest 
that Weaver has not given enough credit to the effect of diagenesis in 


Nhe formation of clay mineral assemblages. 
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THE COMPOSITION OF THE ALUMINIAN LUDWIGITE 
FROM CRESTMORE, CALIFORNIA* 


WALDEMAR T. SCHALLER AND ANGELINA C. VLISIDIS, 
U.S. Geological Survey, Washington 25, D.C. 


ABSTRACT 


| The black crystals of the aluminian ludwigite (Woodford’s mineral B) from the lime- 
’ tone at Crestmore, California, gave on analysis: ByO;=18.15, Mg0=40.67, FeO=5.60, 
HinO=0.02, Al,O;= 10.97, FexO;=22.59, TiO02=1.50, SnO.=0.24, HxO— =0.07, H,O+ 


; =0.05, insoluble=0.48; total=100.34 per cent. Specific gravity 3.64. The formula is 
§ £3.80, Fes 59) (Alo.s1, Fey oes Tio.07, Sno.01) By 96010 or essentially Mgo(Fe*?, Al)BO;Q.. This 
j}dwigite has the highest known content of Al,O; of any member of the ludwigite (Mg>>Fe*2)- 
‘jonsenite (Fet2>>Mg) series. 


i] 
4 


| The black crystals of ludwigite in the limestone at Crestmore, Cali- 
ornia, have been known for some time to contain an unusually high 


(percentage of aluminum for a ludwigite. An unpublished spectrographic 
tnalysis by T. G. Kennard indicated a high percentage of Al.O; as did 


howed that the mineral was an anhydrous iron (mostly ferric with only 
| few per cent of FeO) magnesium borate and identified the mineral as 
j:dwigite (A. O. Woodford, written communication). 

| This ludwigite is Woodford’s mineral B. Woodford, Crippen, and 
Jzarner (1941, p. 375) state “Slender, black orthorhombic prisms up to 
yo mm. in length have been found in the Sky Blue limestone (e.g. at 
cation 31, Wet Weather quarry).” (The thickest single crystal observed 
yy W.T.S. is 2 mm. thick.) Woodford (1943) gives the optical properties 
3, X=pale green, Y=slightly darker green, Z=dark brown. The alpha 
Nodex of refraction is given as 1.791, probably +0.002 and the bire- 
Ningence (y-a)=0.095+0.010, hence y=1.886+0.010. 

Because of the aluminum present these values are considerably lower 
jaan those given for several ludwigites by Larsen (1921). 

| This occurrence differs from nearly all other occurrences of ludwigite 
j: that the mineral is present in the limestone as single isolated crystals, 
jcostly with many brilliant faces in the prism zone. Edgar H. Bailey, 
| . S. Geological Survey, also observed and measured goniometrically 
lyme crystals with terminal faces (Woodford, 1943). The usual mode of 
bccurrence of ludwigite as finely fibrous masses, with either parallel or 
4 terwoven or radiating fibers apparently is not known for Crestmore. 
_A suite of the limestone specimens containing this ludwigite was sent 
}) Schaller by Edgar H. Bailey some years ago and furnished the material 
}eed for the analysis presented here. Single larger crystals of ludwigite 


* Publication authorized by the Director, U. S. Geological Survey. 
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are sparsely and irregularly distributed throughout ethe limestone al- 
though occasionally several crystals may be grouped together and ag- 
gregates of very minute crystals occasionally are present, especially 
where associated with colored silicates. Very minute and long hairlike 
crystals are closely associated with the larger ones or may be present by — 
themselves. Some of the crystals are apparently deeply etched whereas 
others seem to be the result of skeletal growth. Long curved forms of 
ludwigite are present at many places; if the two ends meet they will 
enclose limestone. 

In the preparation of material for analysis, a total weight of two kilo- 
grams of the limestone was dissolved in cold 1:3 HNOs, yielding 783 
grams of insoluble material of which 93 grams, or about 12 per cent, was 
ludwigite. The remainder was chiefly forsterite and a humite group min- 
eral, probably clinohumite. No other acid insoluble borate mineral was 
noted. The two kilograms of limestone therefore consisted approximately : 
of 96% carbonate, 33% acid insoluble silicates, and 3% ludwigite. Even 
this low percentage of ludwigite is high for its per cent occurrence in large | 
masses of the limestone as only the richest portions of the limestone 4 
were used. To the ludwigite crystals so obtained were added several 
grams of additional material previously separated and purified by 
Edgar H. Bailey. Before the separated crystals obtained from the lime- } 
stone were crushed, several dozen of the best crystals were selected by } 
handpicking and preserved for goniometric measurement. It was from } 
this lot of crystals that those used in the crystal structure studied by | 
da Silva, Clark, and Christ (1955) were selected. 

For the final purification of the Crestmore ludwigite the electromagnet, | 
isodynamic separator, methylene iodide, and handpicking were all used. § 
In washing out the dust of the crushed sample, the wash water appeared 
greenish (olive-green) due to the translucency of the dust particles. This 
translucency indicates a low content of FeO in the ludwigite. The | 
analyzed sample is not magnetic, that is, it does not move when tested } 
with a small alnico magnet. 

The analysis presented no unusual difficulty although the values ob-. 
tained for MgO are a little high due probably to the inclusion in the | 
ludwigite crystals of a little periclase or brucite, as discussed below. 

The results of the analysis are given in Table 1. 

The present analysis differs from those of other low FeO ludwigites in | 
its high percentage of Al,O; (and correspondingly low Fe:0;). Many | 
analyses of ludwigite show small amounts of Al,O3, usually from 1 to 3 | 
per cent. The relatively large amount of TiO: present is surprising as no | 
other titanium mineral has been noted from the Crestmore limestone, i 
although golden yellow sphene is reported by Woodford (1943, p. 360) as | 
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TABLE 1. ANALYSIS OF ALUMINIAN LUDWIGITE FROM CRESTMORE, CALIFORNIA 
Analyst, Angelina C. Vlisidis 
Average 

B20; 18.29% 17.91% 18.26% 18.15% 
“MgO 40.86 40.48 40.66 40.67 
FeO 5.59 5.62 5.60 5.60 
MnO 01 03 == 02 
AlLOs 11.02 10.92 = 10.97 
Fe203 22E 56 22.61 = Ds) 
TiO2 1.50 1.50 = 1.50 
SnO» owl 17 = 24 
H,O- 07 — = 07 
HOT .05 — = 05 
CaO None = == None 
Insoluble .50 54 AL 48 
100.34 

| Specific gravity 3.64. 
| Total Fe as Fe2O;= 28.78, 28.93, average 28.86 per cent. 
Total R2O; (gravimetric) = 41.28 per cent which agrees weil with the sum of 28.86 total 


4ien+10.97 Al,O;+1.50 TiO. = 41.33. 


sing ‘very abundant in some pegmatites. Larger brown crystals are 
sso fairly common.” 
| The atomic ratios calculated from the average analysis are given in 


hable 2. 

Phe formula is calculated from the analysis on the basis that the for- 
itula contains 10 oxygen atoms, that is, a total charge of —20. The 
yuivalent e is defined as, 


formula weight 


€ = . . . E: 
valence of cation X number of cations in formula 


Ine factor f=20/ > +e is an average common multiplier such that 
i=/Xe yields the total positive charge in each individual oxide; 
(valence of cation) is the number of cations. 

i These ratios are close to the standard formula of ludwigite, 
/R0-R.O3- B20. That of the bivalent group is a little high. The ratios 
iB (1.96) and of the sum of Al, Fet, Ti, Sn (1.95) are so nearly identical 
‘iat it would seem as if a small quantity (estimated as less than one per 
Yount) of an acid-soluble magnesium-rich second phase (periclase?, 
‘ucite?) was present in the sample, as an undetected impurity, account- 
‘x for the high ratio (4.09) of the bivalent elements Mg, Fe*”, Mn. Ob- 
Yrvation of a polished mount of many fragments of the ludwigite crys- 
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Taste 2. Atomic Ratios CALCULATED FROM AVERAGE ANALYSIS OF 
ALUMINIAN LUDWIGITE FROM CRESTMORE, CALIFORNIA 


Analysis é e’=3.764Xe Atomic ratios 
B2O3 18.15% 1563 5.885 B 1.96=2x0.98 
MgO 40.67 2.017 7.594 Mg 3.80 
FeO 5.60 LOO: .587 Fet2 .29°>4.09=4X1.02 
MnO .02 .001 .002 Mn -00) 
AloO3 10.97 .646 2.431 Al .81] 
Fe:O3 22.59 .849 3.194 Fett 1.06\, 95=2X0.98 
TiO; 1.50 075 233 i, oil eae 
SnO2 24 .006 .024 Sn J0% 

99.74 Seto) 20.000 
H,0- .07 
HOt ~ 20 oe 
CaO : a 
Insoluble 48 5.313 

100.34 


(Megs.so, Feg oq) (Alo.s1, Fe," pgs Tig g7 Sg) (Br.96Oe) Os. 


tals as well as a thin section of the limestone carrying the ludwigite} 


wigite is dissolved away. 
On a weight percentage basis the composition of this ludwigite can be 
interpreted to be approximately: 

48> per cent MgO-Fe:O; borate 

36% per cent MgO-Al:O; borate 

10 per cent FeO-Fe.O; borate 

45 per cent MgO-TiO» borate 

2 per cent MgO-SnOs borate 


The ludwigite-vonsenite series must then be considered at least a} 
three component system—4MgO- Fe2O3- BxO3, 4MgO- AlsO3: BoOs, and} 
4PeO- Fe.O3- B2Os3. . 

Five boron minerals are known from Crestmore. Axinite has been de-} 
scribed by Eakle (1917). Murdoch and Webb (1940, p. 553) state ‘The 
axinite [fram Inyo County] looks almost exactly like that found at Crest-} 
more, in Riverside County, California.”’ Axinite was also listed by Wood-} 
ford (1943) as were danburite, datolite, ludwigite, and tourmaline} 
Axinite, datolite, and tourmaline are also mentioned by Burnham} 
(1959) as occurring at Crestmore. Two other borate minerals, serendibite) 
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(Richmond, 1939) and vonsenite (Eakle, 1920), apparently as yet not 
‘reported for Crestmore, occur in the several other limestone quarries sur- 
‘rounding Riverside. 
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SOME ASPECTS OF THE CALCIFEROUS AMPHIBOLES, 
OXYHORNBLENDE, KAERSUTITE AND 
BARKEVIKITE 


J. F. G. Witxinson, University of New England, 
Armidale, New South Wales. 


ABSTRACT 


The brown calciferous amphiboles oxyhornblende, kaersutite and barkevikite have been 
examined briefly in terms of their chemistry, optical properties and mode of occurrence. 
The titaniferous amphibole kaersutite, generally considered to be a variety of oxyhorn- 
blende, often has low Fe.O;/FeO ratios and is therefore distinct from the latter mineral. 
Kaersutite and barkevikite compositions are dominated respectively by the end-member 
series pargasite-ferropargasite. 

Optical properties of brown amphiboles assigned to the three species show considerable 
overlap. Birefringences greater than 0.040 characterize true oxyhornblendes. 

Kaersutite and barkevikite are the brown calciferous amphiboles typically encountered 
in undersaturated alkaline rocks, barkevikite possessing higher Fe2*/Mg ratios than kaer- 
sutite, and Mg<2 atoms. Kaersutite occurs most commonly in analcite-bearing rocks of 
wide compositional range, and in nepheline-bearing basic rocks. On the other hand, bar- 
kevikite is more characteristic of the nepheline-syenites, and is an iron-enriched amphibole 
developed as a consequence of relatively less hydrous conditions resulting in increased 
Fe?*/Mg ratios in the magma. 


INTRODUCTION 


Questions of nomenclature of oxyhornblende* kaersutite and barkev- 
ikite reflect one of the many problems arising from extensive ionic sub- 
stitution in the calcium-sodium amphibole group. Apart from the prob- 
lem of identification by optics, actual measurements of optical proper- 
ties of the three minerals in question are rendered more difficult by their 
strong brown or reddish-brown absorption colours. And, as emphasized } 
by Boyd (1955), the ways in which the composition of a particular — 
amphibole reflects the chemical and physical environment in which it | 
formed, as yet are not clearly understood. 

Amphiboles referred to oxyhornblende, kaersutite and barkevikite 
have been described from a wide range of igneous rocks. Generally these 
minerals have been most frequently recognized in alkaline undersatu- 
rated types, particularly kaersutite and barkevikite. One feature of their 
chemistry, namely frequent enrichment in TiOs, recalls a similar feature 
of clinopyroxenes of alkali olivine-basalt magma (Wilkinson, 1956, 
Table 2). Im these minerals, TiO, contents of 2-4 per cent are not un- 7 
common. 4 

Basaltic hornblende, oxyhornblende (Winchell, 1932, p. 473) and 1 . 


* Throughout this paper the term oxyhornblende is used in preference to the synony- |» 


mous terms basaltic hornblende and lamprobolite. 
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lamprobolite (Rogers, 1940) are synonymous terms to cover the dark 
brown amphibole with high ferric iron content, high indices of refraction 
|and rather strong to extreme birefringence. A small extinction angle also 
| has been cited as a diagnostic optical property. Both Winchell and 
Rogers have pointed out the unsatisfactory usage of the term basaltic 
| hornblende to cover an amphibole with these properties, as this mineral 
| is by no means confined to basalts. 

| The term kaersutite was proposed by Lorenzen (1884) for a highly 
|| titaniferous amphibole occurring in feldspathic veins and dikes cutting 
|| the picrite at Kaersut, Greenland. Lorenzen’s original material was sub- 
} sequently re-examined by Washington and Wright (1908). The term 
|| kaersutite has carried various connotations, e.g.a highly titaniferous oxy- 
|| hornblende (Washington and Wright, 1908, p. 210; Benson, 1940, p. 
| 285; Winchell, 1951, p. 437; Kerr, 1959, p. 330); a rare variety of barke- 


a} 
\vikite (Yagi, 1953, p. 783) and a brown hornblende with abundance of 
(TiO, (Aoki, 1959, p. 278). 

| Barkevikite (Brégger, 1890) has been variously defined in relation to 


other amphiboles, e.g. as a member of the oxyhornblendes (Kunitz, 


Attention has been frequently directed to experiments (e.g. K6zu et 
a., 1927; Barnes, 1930) whereby green hornblende on heat treatment 
Bipanges to a mineral having the appearance and optical properties of 
boxyhornblende. In this transformation, the principal chemical change is 
oxidation of the ferrous iron and loss of hydrogen. Barnes showed that 
| the principal optical changes associated with heating green hornblende 
)in air at about 800° C. are: increase in the indices of refraction, bire- 
| iringence and dispersion; decrease in the extinction angle and change in 
22V to 65°; change in colour and pleochroism from greens to browns. 


CHEMISTRY AND CLASSIFICATION 


| In recent years the classification of the calciferous amphiboles has 
[been discussed by Hallimond (1943), Winchell (1945), Sundius (1946), 
Boyd (1959) and Smith (1959). In general, four principal magnesian 
)end-members (plus their ferriferous analogues) have been recognized 
)<Table 1), namely tremolite (-ferrotremolite or actinolite*), edenite 


* The terminology of these two ferriferous end-members varies with different authors. 
in this paper the term ferropargasite is preferred for the pure ferriferous end-member 
; equivalent of pargasite, inasmuch as the term hastingsite for many years has referred to 
)Pe-rich amphiboles with small amounts of MgO, or else to various calciferous amphiboles 


/wwith variable FEO/Mg0O ratios (Billings, 1928). The term ferrotremolite is preferred for the 
‘Fe-analogue of tremolite. 
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(-ferroedenite), tschermakite (-ferrotschermakite) and pargasite (-ferro- 
pargasite or hastingsite*). The most significant end-member series in 
the present discussion is the pargasite-ferropargasite series, the Mg end- 
member pargasite NaCa:MgsAl“TAls!Y SigQ22(OH)2 being derived from 
tremolite CasMgsSisQ22(OH)» by the double substitution AlAl for MgSi 
and NaAl for Si. 

Boyd (1959, p. 382) has shown graphically that the two most impor- 
tant end-member series of the calciferous amphiboles (including the more 


TABLE 1. END-MEMBERS OF CALCIFEROUS AMPHIBOLES 


tremolite CasMg;Sigs022(OH)2 


penteees CazFesSis022(OH)»2 
actinolite 


pargasite Na CasMg,AlTAL!YSi¢022(OH)2 


hears, Na CaFe,2-+ AIMTAL!YSi¢O22(OH)2 
hastingsite 


edenite Na CasMg;AlYSi;O22(OH)» 
ferroedenite Na CayFe;2*AlPYSi;002(OH)» 


tschermakite Ca2Mg:AbY!Al!YSigQ22(OH)2 
ferrotschermakite CayFe32*AlYAls!Y SigO22(OH) 2 


familiar green igneous hornblendes) are CazFM;Sis02.(OH)2 and 
(Na, K)CaoFM,(AI‘!, Fe’+)Alo!YSisO22(O0H)2, where FM=Fe?++ Mg. 
The amphiboles considered by Boyd had Ca=1.8—2.1 and low contents 
of Lie (20,20). 

Tables 2—4 list analyses of amphiboles assigned by various workers to 
oxyhornblende, kaersutite and barkevikite respectively. In Table 5, 
these amphiboles have been recalculated on a basis of 24 (O, OH, F). 
Much of this latter data has been taken from Hallimond (1943, Table 1). 
An uncertainty in these calculations is the determination of H,O*, and 
non-determination of F, particularly in older analyses. Only analyses 
showing reasonably close agreement with the general calcium-sodium 
amphibole formula W2 3 (XY)5ZsO22(OH).* have been listed. Many 
analyses were rejected because of significant departures of the W (where 
greater than 3.2) and XY (greater than 5.4) groups. 

In the three amphiboles, Si is close to 6 atoms, associated with two Al 
atoms in four-fold co-ordination. Ca is generally 1.8—2.0. In five cases 
there is insufficient aluminium to satisfy the Al'Y requirements in the 


* W=(Na, K, Ca), X=(Mg, Fez*, Mn), Y=(AIY!, Fe, Ti), Z=(Si, Al). 
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TABLE 4. CHEMICAL ANALYSES AND OPTICAL PROPERTIES OF BARKEVIKITE 

1 2 3 4 5 
S102 38.41 36.12 40.88 41.12 37 .86 
TiOs 1.26 4.82 0.22 0.45 iL AS 
AlOs 16.39 12.46 11.04 11.02 12.06 
Fe.O3 Onde 9.60 1S 6.54 11.47 
FeO PETS) 10.43 17.41 eS 16.23 
MnO 0.15 0.28 1532 1.03 0.82 
MgO 254 9.09 5.92 6.14 4.03 
CaO 10.52 12.01 10.46 10.42 11.43 
Na2.O 2.95 Ds Sts3 SUS 3.65 2.98 
K,0 1.95 1.41 0.78 0.94 0.72 
HOT 0.24 1.02 116 1.4 1523 
Total 99.91 99.82 100.50 100.49 100.08 
a — 1.687 1.691 1.687 1.694 
B es =— =, —— = 
y — 1.708 1.707 1.701 1.710 
y-a a 0.021 0.016 0.014 0.015 
2Va = se = ad = 
yAc 13 10 16 — 20 
Pleochroism 
x yellow brown == =a a =i 
W dark brown | dark brown | dark brown | greenish brown brown 
Vhs dark brown = a —— a 
Absorption XV, oe a = a 


1. From sodalite-syenite, Square Butte, Montana (Lindgren and Melville, 1892, p. 
292). 

. From essexite, Fuerteventura, Canary Isles (Kunitz, 1930, p. 245). 

. From nepheline-syenite, Skuttersundskjar (Kunitz, 1930, p. 245). 

. From nepheline-syenite, Stavarnsié, Norway (Kunitz, 1930, p. 245). 

. From foyaite, S. Vincente, C. Verde (Kunitz, 1930, p. 245). 
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Z group, and Ti, apparently replacing Si, has been added to bring this 
_ group up to 8.00, as required by the amphibole formula. A comparable 
_ procedure has been found necessary in certain titaniferous clinopyrox- 
| e€nes. 

Several analyses of kaersutite (Table 3, Analyses 1-4) are significant 
from the point of view of nomenclature inasmuch as they reveal low 
FeO; contents relative to FeO. The mineral from the type area 1s in- 
cluded here. This feature of kaersutite chemistry immediately sets it 
apart from the widely accepted concept of an oxyhornblende. In terms of 
end members, recalculated analyses of kaersutites with low degrees 
of oxidation indicate a composition close to that of a titaniferous 
_pargasite with part of the Mg replaced by Fe”. As an approxima- 
tion, the composition of the type kaersutite can be written as 
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PNa, K, Ca)o-3(Mgs, Fe?+) Ti Als!Y SigQ23(OH). In kaersutite the amount 
f Ti in the Y group is generally between 0.6 and 1. In all cases Mg is 
yreater than 2. Despite variable degrees of oxidation, Fe?+ is generally 
eater than Fe*+. 

| The analysis of barkevikite cited by Brogger (1890, p. 412) was incom- 
jolete. It is characterised by relatively high lime and soda (CaO 10.24; 
F220 6.08 per cent), making it difficult to place in either the calciferous 
#r alkali amphiboles (Miyashiro, 1957, Table 1). Another analysis of 
parkevikite from the same area (Table 4, Analysis 3) presents no ab- 
hormalities in its composition. Compared with kaersutite, barkevikite is 
Pharacterised by lower contents of Ti and a higher degree of replacement 
fi Mg by Fe?+ in the X group, so that Fe?* is generally greater than Mg. 
jn the barkevikite analyses, there is a tendency for the W group to 
jlosely approach its maximum value of 3. 

| It is clear that kaersutite and barkevikite compositions are respec- 
jively dominated in their compositions by the pargasite-ferropargasite 


4nd-members, in which may be particularly noted the replacement of 
AIX! by both Ti and Fe*+. 

| Billings (1928) proposed the following classification of the has- 
jingsite group based on the ratio FeO/MgO (molecular proportions): 
*“eO/MgO>2, ferrohastingsite; FeO0/Mg0<2>0.5, femaghastingsite; 
y’eO/MgO<0.5, magnesiohastingsite. A classification in this manner 
‘cossesses limitations when, for any reason, oxidation of the iron has taken 
iace. The brown titaniferous (4-7 per cent TiOz) amphibole from the 
Mount Royal essexites (Bancroft and Howard, 1923, p. 20), referred to 
i. agnesiohastingsite and femaghastingsite by Billings (of. cit.), would be 
»egarded as kaersutites by many workers. Sundius (1946, p. 22) has 
joointed out the similarity of such Mg-rich amphiboles to pargasite. 

It is proposed that the chemical distinction between kaersutite and 
jearkevikite be based on the number of Mg atoms in the formula, titanif- 
trous amphiboles with Mg>2 atoms being kaersutites. On this classifica- 
‘ion the amphibole (Mg=2.1) from the Fuerteventura essexite (Table 4, 
Analysis 2) would be referred to kaersutite. Barkevikite is analogous in 
'ts fundamental chemistry to the TiO2-poor green or blue-green hastings- 
ites occurring in both acid and over- and undersaturated intermediate 
cocks. 

The term kaersutite has carried with it the implication of a high con- 
tent of TiO», generally greater than 5 per cent. This is perhaps unfortu- 
Jaate, as analogous brown amphiboles with 3-5 per cent TiO, are prob- 
ikbly not uncommon, particularly in basic alkaline rocks (for example, see 
/Mason, 1958, p. 251). The TiO» content of a particular brown amphibole 
4s sensitive to the magma chemistry at the time of its formation. Viewed 
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in this light, there appears to be no reason why browr amphiboles con- 
forming in their essential chemistry to kaersutite but possessing slightly 
lower TiO2 contents, should not be covered also by this term. In the 
writer’s opinion, kaersutite should not be regarded as a rare mineral, 
and it is anticipated that the brown or reddish brown amphibole in 
intrusive basic alkaline rocks will be of the kaersutite type. 

Of those brown amphiboles referred to oxyhornblende, only two (Table 


2, Analyses 9 and 10) possess the chemistry and optical properties con- — 


sistent with oxyhornblende. Of the other amphiboles listed, those types 
with low birefringences and moderate TiO2 contents are more akin to 
kaersutites with moderate degrees of oxidation. Two amphiboles (Anal- 
yses 3 and 5) occur in rocks where there is little possibility of the oxy- 
hornblende reaction having occurred (cf. Hallimond, 1943, p. 70). It may 
be noted that a graphical representation of selected oxyhornblende 
compositions (Winchell, 1945, p. 45) indicated a tendency for many 
compositions to plot closest to a Na Caz (Mg, Fe?*), (Al, Fe); SisOve 
(OH). end-member. 


OPTICAL PROPERTIES 


The optical properties of analyzed amphiboles referred to oxyhorn- 
blende or kaersutite (Tables 2 and 3) suggest that the high birefringences 
(0.05—0.09) measured on brown amphiboles produced in laboratory heat- 
ing experiments are not frequently attained in natural material. In par- 
ticular, the frequency with which the optical properties (particularly 
y—a=(.008) of the Linosa amphibole (Table 3, Analysis 12) have been 
quoted, would indicate that such properties have been considered typical 
of kaersutite. Chemically, the Linosa mineral is atypical when compared 
with other kaersutites, notably because of its relatively high Fe2O3;/FeO 
ratio, a feature which prompted Washington to assign it to a distinct 
species, linosite. It is however akin in its optics and chemistry to an 
oxyhornblende. 

The majority of analyzed kaersutites have (y—a) in the range 0.030— 
0.032. Variation in the Fe.03/FeO ratios apparently has little effect on 
the birefringence. However a kaersutite with the abnormally high bire- 
fringence of 0.083 (2V.=79-80; TiOs 7.55, Fe2O3 7.11, FeO 5.05 per 


cent) has recently been described by Aoki (1959, p. 279). This amphibole | 


occurs as phenocrysts in a scoria. Other kaersutites from the same area 
with comparable TiO, contents but slightly lower degrees of oxidation 
possess distinctly lower birefringences (Table 3, Analyses 6 and 11). 
Irrespective of the contents of TiO: or total iron, or degree of oxida- 
tion of the iron, a large number of kaersutites have 2V,=80+ 2°. 
On the assumption that kaersutite is a titaniferous variety of oxyhorn- 
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}blende, many workers appear to have taken an upper limit of 5 per cent 
iO2 for oxyhornblende. Despite Fe2O3;/FeO ratios close to or greater 
}than unity, many amphiboles designated as oxyhornblende have (y—a) 
= 0.019 —0.026 (Table 2), particularly those described by Kunitz (1930). 
hese values do not differ markedly from the birefringence of many 
pgreen hornblendes. Comparison of oxyhornblendes and kaersutites with 
fcomparable degrees of oxidation but differing TiO. contents indicates 
that the birefringence increases slightly with increasing TiO». 
Not a great deal of optical data on barkevikite is available (Table 4). 
The birefringence is comparable with many of the oxyhornblendes listed 
jin Table 2. With a higher content of (FeO+ Fe.0;) and often containing 
oderate amounts of TiO», barkevikite might be expected to possess 
{higher refractive indices than kaersutite. There is need for much more 
itdata, which may reveal a distinction from kaersutite based on 2V, (cf. 
Benson, 1940, p. 289). 
|} It is clear from the data listed in Tables 2-4 that identification of any 
}particular amphibole under discussion cannot be confidently accom- 
[plished solely on the over-generalized optical data assigned to these 
}minerals by various workers, since amphiboles referred to these species 
[possess similar ranges of refractive indices, extinction angles and ab- 
ksorption colors. Much more data is necessary in order to define any 
significance in 2V. The difficulties of optical identification are particu- 
|!arly accentuated by the variation and possible interplay of titania, and 
| degree of iron enrichment and oxidation. The use of low extinction angles 
fas a guide to the degree of oxidation is misleading inasmuch as several 
| kaersutites with low Fe.O03/FeO ratios have y:c values less than 10 
{degrees. It may also be questioned whether the size of 2V, is indicative 
tof the degree of oxidation, inasmuch as certain oxyhornblendes with high 
((y—a) have 2V4~80°. 

Engel (1959, p. 974) has recently emphasized the lack of obvious cor- 
relations of optics and composition of hornblende, particularly in rela- 
Ition to optical properties/composition diagrams. This point is again 
| emphasized, and here attention may be particularly directed to the 
llimitations of optical properties/composition diagrams showing rela- 
(tionships between various amphibole end-members which themselves are 
{ titania-free. 

The experimental work of Barnes (1930) demonstrated that the in- 
crease in the birefringence depends on the iron content of the amphibole, 
|Fe-free or Fe-poor amphiboles showing little or no increase in (y—a) on 
Iheating. Such amphiboles however would be expected to be rare in the 
inormal range of igneous rock compositions. In the formation of an 
‘oxyhornblende with comparatively high birefringence, the y index fre- 
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quently increases at a greater rate than either the @ or 8 indices. In view 
of several natural amphiboles with high degrees of oxidation failing to 
show strong birefringence, it would seem desirable to investigate care- 
fully the products of controlled heating experiments to determine: (i) 
Whether differing Fe20;/FeO ratios affect the birefringence. (ii) The 
nature of the structural changes involved in the production of increased 
birefringence at known temperatures under controlled oxidizing condi- 
tions. 

Increased birefringence (>0.040) characterizes the oxyhornblendes 
from Taiwan and Colorado (Table 2, Analyses 9 and 10) and Linosa 
(Table 3, Analysis 12). These minerals occur in lavas and have high 
Fe,03/FeO ratios. Parsons (1930, p. 31) has listed an amphibole from 
Bohemia (TiO 5.10, Fe2O; 6.96, FeO 2.34 per cent; y—a=0.042) whose 
chemistry and optics conform to the conventional view of an oxyhorn- 
blende. The strongly birefringent amphiboles described by Aoki (1959) 
appear to represent distinctive types inasmuch as they show compara- 
tively little oxidation. Such amphiboles are worthy of more detailed in- 
vestigation. 

In terms of available analyses and detailed descriptions, it is seen that 
amphiboles conforming both in chemistry and optical properties (par- 
ticularly high birefringence) to oxyhornblende, are comparatively un- 
common. Pending analysis, it would seem desirable to limit the term 
oxyhornblende to brown calciferous amphiboles with (y—a) >0.040 and 
occurring in lavas. These amphiboles may frequently show strong evi- 
dence of magmatic reaction and resorption. 

Other brown or reddish-brown amphiboles (particularly those occur- 
ring in undersaturated alkaline rocks) with (y—a) <0.040, may be con- 
veniently referred to brown hornblendes, unless chemical data results in 
more precise nomenclature. However, as will be discussed in the occur- 
rence of those minerals, the nature of the parent rock may serve to indi- 
cate whether kaersutite or barkevikite is present. 


OCCURRENCE 


Arising from the results of amphibole heating experiments has been 
the concept that oxyhornblende (and kaersutite) is not strictly a pri- 
mary mineral, but is an alteration product of common green hornblende 
(cf. Hatch, Wells and Wells, 1949, p. 66; Winchell, 1951, p. 439), “prob- 
ably due to hot gases at a late magmatic stage” (Rovers 1940, p. aa 
In the San Juan lavas, Larsen et al. (1937, p. 905) considered that “i 
considerable part the change from common to basaltic hornblende . 
takes place after eruption and during the crystallization of the ground- 
mass.”’ The latter conclusion is substantiated by chemical and optical 
data on amphiboles within the one volcanic horizon. 
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If the term oxyhornblende is to carry with it genetic implications, it is 
clear that this term should not be used indiscriminately to include 
brown calciferous amphiboles occurring in intrusive rocks (e.g. many 
kaersutites) and which have been demonstrated to contain low to 
moderate FeO; contents. Such amphiboles represent normal magmatic 
crystallization products. 

In the case of brown amphiboles possessing comparatively high Fe.0; 
contents relative to FeO and occurring in intrusive rocks, it is possible 
that in many cases their composition indicates a response to initially 
high Fe,03/FeO ratios in the parent melts, crystallizing under conditions 
of high [P]H20 or high [P]O.. 

Where brown amphiboles with relatively high Fe203;/FeO ratios, but 
not possessing abnormal birefringences, are present in lavas, then it is 

likely that oxidation attendant on extrusion has contributed to their 
chemistry. In lavas where exothermic surface reactions have resulted in 
temperatures in excess of 750-800° C., a true oxyhornblende may be 
locally developed. Those lavas in which a calciferous amphibole is a 
common ferromagnesian constituent and where there is evidence that 
such temperatures may be attained (Ingerson, 1955) are represented by 
andesitic and dacitic types. 

Under the appropriate physical conditions it is highly likely that any 
common calcium-sodium amphibole (including kaersutite and barkevi- 
kite) may suffer subsequent conversion to a true oxyhornblende. It may 
de noted that although some kaersutites occurring as cognate xenocrysts 
in lavas and dyke rocks (Tomita, 1934; Benson, 1940) show varying 
degrees of resorption and alteration, nevertheless their degree of oxida- 
‘tion and their birefringence are comparable with similar amphiboles 
present in intrusives. It is inferred that in such cases oxidation took 
place at only moderate temperatures. 

Kaersutite and barkevikite appear to have been recorded dominantly 
from undersaturated rocks or those members of a differentiation series, 
in which the principal undersaturated felsic minerals are respectively 
analcite and nepheline. The latter amphibole has been most frequently 
noted in nepheline-syenites. 

Although the parent rocks vary in composition from highly basic to 
intermediate, the range of composition of the kaersutites is not very 
marked, being mainly restricted to limited replacement in the nS erouD 
of Mg by Fe*+. By contrast, barkevikite reveals a much higher degree 
of replacement of Mg by Fe?+. This feature, together with a tendency 
for enrichment in Mn with respect to Fe?+ (cf. Goldschmidt, 1954, P. 
628), indicates its precipitation at a relatively advanced stage of dif- 
ferentiation, the magma at that time possessing high Fe? /Mg se 
The TiO2-poor amphibole from the Wausau (Wisconsin) quartz-syenite, 
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referred by Weidman (1907, p. 204) to barkevikite, is*associated with 
fayalite and hedenbergite and is thus a member of an iron-enriched 
assemblage. 

In undersaturated rocks the development of analcite rather than the 
pair albite-nepheline would be facilitated by high water pressures (cf. 
Turner and Verhoogen, 1960, p. 124). Such hydrous magmatic conditions 
would not be favorable to any degree of absolute iron enrichment. 
Where a calciferous amphibole is precipitated in such an environment, 
it would be expected to show limited replacement of Mg by Fe?* z.e. 
kaersutite would be developed. It is frequently stated that the dark 
brown amphibole in teschenites is barkevikite, although there appears 
to be little analytical data to substantiate this claim. It is more likely 
that the amphibole in question is a kaersutite. 

In a nepheline-bearing differentiation series varying in composition 
from basic to intermediate types, and carrying a brown calciferous 
amphibole, it is anticipated that a kaersutite would be present in the 
more basic varieties (e.g. the Mount Royal essexites) and that with pro- 
gressive fractionation, the amphibole would change in its compostion 
towards a barkevikite. Such a trend is analogous to the trend magnesio- 
hastingsite—ferrohastingsite, proposed by Billings (1928, p. 293), and is 
similar to the trend in hornblendes from certain calc-alkaline igneous 
series, e.g. the amphiboles from the Southern California bathylith 
(Larsen and Draisin, 1950, Table III). 

The TiOs-rich environment from which kaersutites have crystallized 
is illustrated by two examples of co-existing biotites containing 6-8 per 
cent TiO. (Table 3, Analyses 3 and 4). Some confirmation of the dif- 
fering magmatic conditions under which kaersutite and barkevikite are 
precipitated may be furnished by a study with a particular differentia- 
tion series of the associated opaque oxides. Unfortunately there appears 
to be little analytical data on the associated opaques. 

In rocks with barkevikite, earlier relatively anhydrous conditions 
would tend to favor the formation early in the differentiation series of 
a titano-magnetite composed dominantly of a Fe3;Oy-FesTiO, solid solu- 
tion and possessing (FeO+ TiO») > Fe2O 3. In analcite-bearing rocks with 
kaersutite, the opaque oxides would tend to be either a TiO»-poor 
magnetite with Fe.0;> FeO, or else a magnetite of the Fes0y-FeTiO; 
solid solution type. Concentration of TiO, at the stage of kaersutite pre- 
cipitation would be facilitated by the early separation of a TiQ»-poor 
magnetite. 

Ultimate clarification of many of the proposals in the present discus- 
sion obviously must await more detailed studies on possible chemistry/ 
optical properties relationships and response by the amphibole chemistry 
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\to varying conditions of differentiation. In particular, a great deal re- 
!mains to be done concerning the effects of dominant cations (particu- 
[larly Ti) on optics; in addition, x-ray diffraction studies represent a 
|field where considerable information is needed. 
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A POORLY CRYSTALLIZED, LOW BARIUM, 
PSILOMELANE-TYPE MINERAL 


A. A. Levinson, The Dow Chemical Company, Freeport, Texas. 


ABSTRACT 


A poorly crystallized manganese mineral from Zacatecas, Mexico is described. Its 
\v-ray diffraction pattern gives only three distinct lines in addition to a few extremely weak 
‘bands and lines. The «x-ray data indicate the specimen is a psilimelane-type mineral. Chem- 
‘ical analysis shows the mineral to be similar to psilomelane except that barium is low 
(BaO=4.5 per cent). Significant substitution of potassium, sodium, calcium, and strontium 
takes place for barium. 

The nomenclature of psilomelane and psilomelane-type (Fleischer and Richmond, 
1943) is reviewed. It is suggested that the term manganomelane be used as the general 
iname for all hard manganese oxide minerals not specifically identified. Wad should continue 
to be used for soft manganese minerals not specifically identified. 


INTRODUCTION 

The mineral psilomelane has only recently reached the status of a well 
defined species. Highlights in this elucidation have been the redefinition 
of psilomelane as a single species by Vaux (1937), the detailed crystal 
structure investigation of Wadsley (1952, 1953), and the general review 
and verification of Fleischer (1960A). These studies have been con- 
cerned with well-crystallized psilomelanes which have the formula 
(Ba,H20)2Mn;Oyo, or approximate it closely, with Ba: H.O approximately 
1:2, and Mn including Mn**, Mn*?, as well as various other elements. 

This paper is concerned with poorly crystallized psilomelanes and 
psilomelane-type minerals which have received essentially no recent con- 
sideration although they have been recognized by Ramsdell (1932), and 
others subsequently. One such psilomelane-type mineral is described in 
detail and it is shown that this particular specimen (1) is very poorly 
srystallized as determined by its «-ray diffraction pattern and (2) has 
*xtensive isomorphous substitution of potassium, sodium, calcium, and 
strontium for barium. Because of these variations from the accepted 
shemical and structural definition of psilomelane, the term psilomelane- 
‘ype is used to refer to the specimen being described. Throughout this 
yaper the term psilomelane-type refers to a variant of true psilomelane 
1s defined by Vaux (1937), Wadsley (1952, 1953), and Fleischer (19604). 
ft is not used in the general sense as suggested by Fleischer and Rich- 
mond (1943). Further comment on this terminology is presented below. 


OCCURRENCE AND PREVIOUS STUDIES 


The specimen described in this report is from the La Abundancia mine, 
Zacatecas, Mexico. This deposit has been most recently described by 
Vilson and Rocha (1956A); they also give older references. According to 
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Wilson and Rocha (1956A) the deposit is in the form of mantos and 
chimneys enclosed in shales and is believed to have formed by replace- 
ment by hydrothermal solutions. They also report that by «x-ray diffrac- 
tion J. M. Axelrod has identified pyrolusite (dominant mineral), crypto- 
melane, and two unidentified manganese minerals, as well as quartz, opal, 
calcite and other gangue minerals. Fleischer (1960B) states that one of 
Axelrod’s unidentified minerals is now recognized to be the so-called 
“camma MnOQ,”’; the other is still unidentified but is not the same as 
the material described in this paper. The reported presence of pyrochroite 
by Wilson and Rocha (1956A) was apparently in error according to 
Fleischer (1960B). 

Wilson and Rocha (1956A) note that part of the ore is soft and has 
been selectively mined, whereas a hard ore has been left in the form of 
pillars. The mineral described below is undoubtedly an example of the 
hard ore. 


PHYSICAL PROPERTIES 


Form = massive, compact 

Color = black; Streak = black 

Fracture = conchoidal 

Hardness=6 

Specific Gravity =3.98 (at 25° C). Lower than true psilomelane (Fleischer, 1960A); prob- 
ably due to adsorbed water and isomorphous substitutions for Ba described below. 

Luster= Dull, submetallic in hand specimen. Takes excellent polish giving metallic luster 
in reflected light. 


OBSERVATIONS IN REFLECTED LIGHT 


The study of several polished sections of the La Abundancia manga- 
nese mineral indicates that it is essentially une phase. Several of the sec- 
tions are homogeneous whereas a few, under high magnification, appear 
to contain a small number of very minute needles which show some 
variation in reflectivity upon rotation. Their exact nature could not be 
determined. 


CHEMISTRY 


In Table 1 a chemical analysis is presented of the psilomelane-type 
mineral from the La Abundancia mine. The most noticeable differences 
between this material and normal psilomelane are its low BaO content 
and higher than usual contents of CaO, K2O, and Na.O; the SrO con- 
tent is probably normal for psilomelane. Calculations show that if Sr, — 
Ca, K and Na are placed in the (Ba,H2O) positions, the mineral under 
discussion fits the chemical requirements of psilomelane. In Table 2 
these calculations are summarized and compared with the 14 authenti- 
cated psilomelanes described by Fleischer (1960A). For comparison with 
Fleischer’s results, the data are based on O= 20.00, 
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TaBLe 1. CHEMICAL ANALYSIS OF PSILOMELANE-TYPE MINERAL, 
La Apunpancra Ming, Zacatecas, MEXICO 


MnO, 70.4 Fe,03 2.6 
MnO 9.3 MgO 0.9 
BaO 4.5 H,O+f by58) 
SrO 1.4 Si02 0.9 
| CaO 1.6 CO, 0.3 
| K,0 15 Others 0.3 
Na,O 0.7 Total 99.7 


Notes on Analysis: 
1. Wet Analyst: J. A. Greear. 
2. Specimen oven dried at 110° C. for 2 hours before analysis. Ignition loss=1.9%. 
3. “Others” are remaining mixed oxides (chiefly Al,O;) from ammonium hydroxide 
precipitate after deduction of Fe.03;. 
| 4, Barium and strontium determined by emission spectrographic analysis. Analyst: 
| H. Holt. 
5. Traces of Mo, Ni, Cu, Cr detected by x-ray fluorescence and emission analysis. Li, 
| W, V, As, Pb, Co and Zn specifically looked for but not detected. 
| 6. A specimen of the analyzed material has been deposited at the U. S. National Mu- 
seum. U.S.N.M. No. 109398. 


For the calculations in Table 2 on the La Abundancia mine specimen, 
all constituents reported in the analysis (Table 1), with the exception of 
SiO». and COs, are considered to be part of the mineral. A required 
~mount of CaO (0.3%) was deducted as COs is present as calcite. As 
pointed out by Fleischer (1960A), some other constituents, such as 


TaBLeE 2. Unir CELL CONTENTS OF PSILOMELANES, 0= 20.00 


This Paper Fleischer (1960A) 
La Abundancia 14 Psilomelanes 
Sum Cations 11.6 11.3 average 
Ba=.o0 
Ses ail 
Sum Ba Positions Ke oo le3 1.26 average 
Nes 
Ca="23 
Mn 8.43 8.18— 9.00 (range) 
~~ Mnt2 137 0.90— 1.64 (range) 
Mnt#/Mn+2 6.16 5.20—10 .00 (range) 
LSH2O* 3.07 2.31— 3.09 (range) 


Average=2.71 


Sum Ba, Sr, Ca, K, Na+H2O 4.30 3.46- 4.51 (range) 
Average 3.97 
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Fe.Q3, may not belong in psilomelane, but no attempt was made to cor- 
rect for this possibility. 

Although the data in Table 2 speak for themselves, there are a few 
points worth noting. 


1. The grouping of Ba, Sr, Ca, K and Na for the purposes of unit 
cell content calculation in psilomelane is a commonly accepted 
procedure. For example, it was used by Fleischer (1960A) in his 
Table 2. 

2. The ratio Mn*+4/Mn?? for cryptomelane is considerably higher than 
the largest value (10.00) reported by Fleischer (1960A) for any 
psilomelane. The specimen under study has a value for the Mn*#/ 
Mn? ratio so low, that no cryptomelane can be expected and, 
therefore, the K.O plus Na2O cannot represent cryptomelane. This 
is an important point in view of the fact that the psilomelane-type 
mineral under discussion contains more potassium and sodium ions 
than it does barium and strontium. (If all the potassium and sodium 
were allocated to cryptomelane, the specimen would contain about 
50 per cent of that species.) Additionally, the analysis yielded 
significantly more HOt (5.3 per cent) than can be accounted for in 
a cryptomelane plus psilomelane mixture of approximately equal 
proportions. 


X-RAY DIFFRACTION 


The literature contains several references to poorly crystallized 
psilomelanes. Ramsdell (1932), in what is probably the first detailed 
w-ray study of specimens called psilomelane, reported a semi-amorphous 
type along with at least two other types (one of which was true psilome- 
lane, and the other was later described as the new mineral crypto- 
melane). He suggested that the semi-amorphous type may represent 
colloidal material as only very few diffuse x-ray lines were recorded. Un- 
fortunately, details of Ramsdell’s (1932) x-ray spacings were not pub- 
lished nor were any chemical data presented to establish the semi- 
amorphous specimens studied as being true psilomelane chemically 
(approx. 16 per cent BaQO) as defined by Vaux (1937). 

Similar difficulties are encountered with other reported occurrences of 
poorly crystallized psilomelanes. For example, Wilson and Rocha 
(1956B) mentioned a possible imperfectly crystallized psilomelane from 
the Talamantes district, Mexico, but they give neither x-ray nor chemical 
data. Fleischér (1960B) states that this specimen is not as well crystal- 
lized as most Talamantes specimens (such as Fleischer’s, 1960A, speci- 
men number 7) but it shows perhaps three-fourths of the lines on normal 
exposure. Ramdohr (1956) described a psilomelane from Schneeberg, 
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Saxony, for which he reports only seven x-ray diffraction lines. Although 
this is obviously a poorly crystallized variety no chemical information is 
given for this psilomelane. (This writer realizes that additional work may 
show Ramdohr’s specimen may not be true psilomelane.) In Fleischer’s 


TABLE 3. X-Ray PowpER Data ror LA ABUNDANCIA MINERAL 
AND SELECTED PsILOMELANES 


L 
| 


Psilomelane, Schneeberg 


: : La Abundancia Mineral* Psilomelane, Schneeberg, 
Fleischer and Richmond (This Paper) Ramdobr (1956) 
(1943) 

d (A) I d (A) I d (A) I 
4.205 1 
32825 1 
3.488 8 

ie= 37318 D 

eS 17 1 
2.972 1 
2.842 4 
2.663 1 
2.402 8 2.41 6 broad 2.38 m 
2.364 1 
DDIM | 3 
2.191 10 2.19 4 broad 2.16 m 
2.138 2 
1.816 5 17827, very faint 1.81 s 
1.734 2, 

eles 12 D V2 very faint ile Ail Ss 
1.636 2 1.62-1.64f very faint band 
5; ee ‘ ; ey ¥ very faint band 155 s 
1.424 4 1.42 10 1.42 m 
1.403 6 1.39 s/ss 
i aly 1 


* Filtered iron radiation; camera diameter 143.2 mm. 
{ Seen only on films of long exposure. 


-1960A) study of 14 authenticated psilomelanes, we are told that only 
he identity of the specimens had been proved by «-ray diffraction. In 
sersonal communication Fleischer (1960B) states that all of the 14 
ysilomelanes reported by him (Fleischer, 1960A) give more or less “‘nor- 
nal” patterns except number 5 from Manila, Utah, which shows perhaps 
\ dozen lines. 

- Table 3 illustrates the differences between well crystallized and poorly 
srystallized psilomelanes or psilomelane-type minerals. In Table 3 the 
c-ray powder spacings of the La Abundancia specimen are given. They 
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are compared with those reported by Fleischer and Richmond (1943) 
for what is considered a well crystallized true psilomelane, as well as the 
x-ray spacings reported by Ramdohr (1956) from the psilomelane for 
which there has been no chemical verification. It is important to note 
that the weak, broad, diffuse bands (1.62-1.64 A and 1.52-1.57 A) and 
faint lines (1.82 and 1.72 A) of the La Abundancia mineral are seen only 
on films of long exposure and then sometimes only when specifically 
looked for. For all practical purposes, the La Abundancia mineral gives 
only three consistent easily recognizable lines: 2.41, 2.19 and 1.42 A. Un- 
published information received from Fleischer (1960B) reports that 
x-ray patterns like those from the La Abundancia mineral have been 
found at the U. S. Geological Survey on minerals from about 20 localities, 
including quite a few from Cuba. They range from patterns showing 
only two lines at 2.41 and 2.19 A to good psilomelane patterns. Qualita- 
tive tests showed barium was always present but no complete analyses 
have been made. 

The specimens of Fleischer and Richmond (1943) and Ramdohr (1956) 
are both from Schneeberg indicating both well crystallized and poorly 
crystallized examples occur at that locality. The reader is also referred 
to x-ray powder data on still another specimen from Schneeberg, re- 
ported by Gruner (1943), for slight differences in comparison with the 
Fleischer and Richmond (1943) results. Recently, Mukherjee (1959) has 
described what appears to be an authentic psilomelane (11-13% BaO) 
from India for which he has recorded almost twice as many lines as did 
Fleischer and Richmond (1943) and Gruner (1943). 

After being heated to about 550° C. (in air for one hour), the La 
Abundancia specimen gives an x-ray pattern whose chief constituent is 
identical to that of hausmannite. Also, a few weak extra lines are present 
and these most probably represent hollandite; there may also be a trace 
of bixbyite. Fleischer (1960A) has noted that true psilomelane changes 
to hollandite at about 550° C. sometimes accompanied by hausmannite 
or bixbyite. The behavior of the La Abundancia specimen, that is, giving 
a pattern of hausmannite rather than hollandite, is not surprising in view 
of its low BaO content. Levinson (1960) has reported that todorokite, 
which has almost identical contents of MnO, MnOs, SrO and FeO; as 
the La Abundancia mineral, likewise inverts to give a hausmannite 
pattern at about 550° C. 

P Discussion 

The unusual manganese mineral here described has been shown to be 
chemically similar to psilomelane, but with significant isomorphous sub- 
stitution in the structural position normally occupied by barium. It 
seems highly unlikely that K, Na, Ca, and Sr are adsorbed in exactly 
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the amounts necessary to fit the chemical requirements of psilomelane. 
Also, it has been shown that the mineral is poorly crystallized and that 
‘its «-ray pattern is closely related to psilomelane. Throughout the study 
_the writer has been particularly attentive to the possibility that some of 
_the unusual aspects of this mineral may be explained by a mixture of two 
(or more minerals. The evidence, however, overwhelmingly favors the 
(conclusion that the specimen is monomineralic. 
| The study of the La Abundancia mineral has raised many questions. 
‘Some of the more interesting might be: 
1. Do poorly crystallized psilomelanes or psilomelane-type minerals commonly have 
considerable isomorphous substitution of K, Na, Ca, and Sr for Ba as does the La 
Abundancia mineral? 


2. Is there a complete series between well crystallized psilomelane and amorphous ma- 
terial (if it exists) of the same or similar composition? 


| Unfortunately, the answer to these and other questions are not forth- 
(coming from the present study. Many more poorly crystallized psilo- 
imelanes and psilomelane-type minerals will have to be studied com- 
|pletely before an attempt to answer these questions is justified. From 


(the evidence and theory presented by Wadsley (1950), it would appear 
[that significant chemical and structural variations can be expected. 


NOMENCLATURE 


The mineral psilomelane has been clearly defined by Vaux (1937), 
\ Wadsley (1952, 1953), and Fleischer (1960A) as a hydrated manganese 
oxide mineral with approximately 16 per cent BaO, undoubtedly in- 
cluding some SrO. It is unquestionable but that these writers consider 
‘psilomelane to be a well crystallized mineral. Accordingly, the speci- 
‘men from the La Abundancia mine described in this paper cannot be 
called psilomelane. 

The term psilomelane-type has been suggested by Fleischer and Rich- 
‘mond (1943) as a general name for those manganese oxide minerals 
»which are massive, hard, and heavy and not specifically identified. The 
term is understood to include several distinct minerals, or mixtures, and 
mo chemical formula should be given. Psilomelane-type has in the past, 
jquite within the definition of Fleischer and Richmond (1943), been used 
for unidentified material with negligible BaO (such as cryptomelane and 
‘ttodorokite). 

It is certainly not the desire of this writer to cause confusion in termi- 
iblozy of the psilomelanes as now exists in minerals and synthetic 
products essentially MnO» in composition. However, this paper contains 
the description of a mineral which shows structural and chemical simi- 
larities to true psilomelane; hence, it is called psilomelane-type. Further- 
more, by virtue of its poor crystallization as determined by «-ray diffrac- 
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tion, and its low BaO content, the phrases poorly crystallized and low 
barium have been used in the title of this paper. It must be emphasized 
that at this time no specific or characteristic formula, or name, Is as- 
signed to the mineral described in this paper. It is felt that future work 
on poorly crystallized psilomelanes and psilomelane-type minerals may 
find that the La Abundancia specimen is merely a member of a complex 
chemical and structural mineralogical series. 

The reader’s attention is called to manganomelane, an infrequently 
used term, which apparently embodies much of the meaning of psilo- 
melane-type as used by Fleischer and Richmond (1943) and has about 
20 years’ priority. (Manganomelane was proposed in 1923 by Klock- 
mann, but this writer was not able to obtain the original reference.) 
Ramdohr (1954) discusses manganomelane briefly, as do others. No 
less respected authorities than Rankama and Sahama (1950, p. 642) 
state that manganomelane is a very common mineral. Although the term 
is currently rather vague in its meaning and extent, perhaps with a 
modified definition, manganomelane may serve a useful function. 

Manganomelane is basically a useful term because it recognizes that 
all types of structural transitions exist between amorphous material (so- 
called ‘‘wad’’) and well crystallized specimens called psilomelane, 
pyrolusite, etc. Further, it recognizes chemical transitions or variations 
(K, Ba, Pb, etc.), as well as physical variations, from soft ‘“‘wads” to 
hard compact materials called psilomelane. 

This writer suggests that the definition of manganomelane be modified 
to be used as a general name for all hard manganese oxide minerals, 
whether individual minerals or mixtures, not specifically identified. In 
other words, it would replace psilomelane-type as used by Fleischer and 
Richmond (1943). It would include: (1) amorphous as well as crystalline 
specimens and all transitions in between; (2) materials of greatly vary- 
ing composition; (3) materials of greatly varying physical properties; (4) 
materials of all environments and conditions of formation—not only of 
colloidal nature as is required by the original definition. If mangano- 
melane is used in the sense suggested above, it would free the term 
psilomelane-type to be used for those specimens which are found to have 
chemical and/or structural characteristics, such as the La Abundancia 
mineral, similar to true psilomelane. The term wad should continue to be 
used for soft unidentified manganese oxide minerals. The division be- 
tween wad and manganomelane, which is based on hardness (sometimes 
apparent), may be arbitrarily set at H=3. 

The point may be raised that wad itself is reported in some standard 
references with hardness up to H=6 and, therefore, why not use wad 
to describe all unidentified manganese oxide minerals regardless of 
hardness? The answer to this is that the term wad, as well as numerous — 
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other terms, has been used so loosely in the past that authorities can be 
found for anything. The use of wad for soft unidentified manganese 
oxide minerals follows the general usage of the term for the past 50 


years, especially in papers on the economic aspects of manganese 
‘minerals. 


_ Fleischer (1960B) states he is in favor of the term psilomelane-type 
‘(Fleischer and Richmond, 1943) being replaced by manganomelane as 
‘the former led to confusion. 


ACKNOWLEDGMENTS 


The writer wishes to express his appreciation to Dr. E. R. Wright and 
The Dow Chemical Company for their encouragement and permission 
‘to publish this study. I am indebted to my colleague Mr. J. A. Greear 
for the chemical analysis. Professor E. Wm. Heinrich kindly examined 
several polished sections. I am grateful to Dr. Michael Fleischer for 
‘critically reading this paper and making available unpublished data from 
‘the U. S. Geological Survey. 
| REFERENCES 


‘FLEISCHER, M. (1960A), Studies of the manganese oxide minerals. III. Psilomelane: Am. 
Mineral., 45, 176-187. 

-——— (1960B), Personal communication. Letter dated July 7, 1960. 

-—~-——, AND Ricumonp, W. E. (1943), The manganese oxides: a preliminary report: Econ. 
Geol., 38, 269-286. 

‘GRUNER, J. W. (1943), The chemical relationship of cryptomelane (psilomelane), holland- 
ite, and coronadite: Am. Mineral., 28, 497-506. 

Levinson, A. A. (1960), Second occurrence of todorokite: Am. Mineral., 45, 802-807. 

‘MUKHERJEE, B. (1959), X-ray study of psilomelane and cryptomelane: Mineralog. Mag., 

~ 32, 166-171. 

‘Rampougre, P. (1954), Klockmann’s Lehrbuch der Mineralogie. Ferdinand Enke, Stuttgart. 

-——— (1956), Die Manganerze: Symposium Sobre Yacimientos de Manganeso, Vol. I. 
XX Congreso Geolégico Internac., Mexico, 19-73. 

‘RAMSDELL, L. S. (1932), An «-ray study of psilomelane and wad: Am. Mineral., 17, 143- 
149. 

‘RANKAMA, K., AND Sanama, T. G. (1950), Geochemistry. The University of Chicago Press, 
Chicago. 

Vaux, G. (1937), X-ray studies on pyrolusite (including polianite) and psilomelane: 
Mineralog. Mag., 24, 521-526. 

\Wapstey, A. D. (1950), Synthesis of some hydrated manganese minerals: Am. Mineral., 
35, 485-499. 

——— (1952), Role of water in the structure of psilomelane, (Ba, H2O)2Mn;Oi0: Nature, 

170, 973-974. 

'——, (1953), The crystal structure of psilomelane, (Ba, H2O)»Mn;O10: Acta Crysi., 6, 
433-438. 

Wison, I. F. anp Rocua, V. S. (1956A), Manganese deposits of La Abundancia and La 
Esperanza mines, Zacatecas, Mexico: Symposium Sobre Yacimientos de Manganeso, 
Vol. III. XX Congreso Geologico Internac., Mexico, 141-149. 

—~— (1956B), The Talamantes manganese deposits, Chihuahua, Mexico: ibid, 125-132, 


‘Manuscript received June 10, 1960. 


THE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


STABILITY RELATIONS OF TRON AND MANGANESE 
MINERALS: PHASE EQUILIBRIA AT LIQUIDUS TEM- 
PERATURES IN THE SYSTEM IRON OXIDE- 
MANGANESE OXIDE-SILICA IN AIR* 


ARNULF MUAN AND SHIGEYUKI SOmtva,t College of Mineral Industries, 
The Pennsylvania State University, University Park, Pennsylvania. 


ABSTRACT 


The quenching technique has been used to study phase relations in the liquidus tem- 
perature region of the system iron oxide-manganese oxide-silica in air, which represents 
the 0.21 atm. Oy» isobaric section through the quaternary system Fe-Mn-Si-O. The fol- 
lowing crystalline phases exist in equilibrium with liquids in the system: Silica (cristo- 
balite or tridymite, depending on temperature), rhodonite (MnO-SiO:), tephroite 
(2MnO- SiOz), spine! solid solution (approximately Fe;0,-Mn;0,). Dominant among the 
primary phase areas are those of silica and spinel, whereas the stability fields of rhodonite 
and tephroite are restricted to minor areas adjacent to the manganese oxide-silica join. 
An area comprising mixtures giving rise to two coexisting immiscible liquids occupies a 
large part of the diagram. Liquidus temperatures in general decrease from the iron oxide- 
silica join to the manganese oxide-silica join. The lowest liquidus temperature in the system 
in air is 1205° C. Paths of crystallization of representative mixtures are discussed, with 
special emphasis on the complications arising because of the presence of a temperature 
minimum on the liquidus curve of the bounding system iron oxide-manganese oxide. 


INTRODUCTION 


Stability relations among iron silicates have been the subject of many 
investigations over the last three decades. There has also been consider- 
able interest in manganese silicates during the recent years. In natural 
occurrences as well as in technologically important systems the oxides 
and silicates of iron and manganese are commonly closely associated with 
eath other. Hence a knowledge of phase relations existing among the com- 
ponents iron oxide, manganese oxide and silica is important to petrology, 
to ore genesis and to research on steelmaking processes. 

The present work represents the first step in our attempt to investi- 
gate such equilibria. For practical reasons we have chosen to study the 
system in air. In so doing we are traversing the quaternary system 
Fe-Mn-Si-O along the 0.21 atm. Oy isobar at a total pressure of 1 atm. 
For purpose of simplified illustration this irregularly curved surface may 
be projected onto a chosen plane, and the resulting diagram has the 
appearance of a ternary system. Methods of projecting and interpreting 
such diagrams have been discussed in several previous papers from our 

a 

* Contribution No, 59-12 from College of Mineral Industries, The Pennsylvania State 
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| Present address: Research Laboratory of Engineering Materials, Tokyo Institute of 
Technology, Tokyo, Japan. 


364 


SYSTEM IRON OXIDEWANGANESE OXIDE-SILICA 365 


laboratories (Muan and Osborn, 1956; Muan, 1957a, 6, 1958; Phillips 
land Muan, 1959), and their application to the present system will be 


dealt with in some detail in later sections of this paper. 
| 


| 


| PREvious WorK 


| The three bounding “‘binary’’* systems have been studied in con- 
siderable detail, but no systematic study of the ‘ ‘ternary’? system has 
lbeen reported in the literature. The system iron oxide-silica in air was 
studied by Darken (1948) and by Muan (1955) as part of more extensive 
investigations of the system FeO-Fe20;-SiO2. The diagram shown in 
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Fic. 1. Diagram showing phase relations in the system iron oxide-SiOy in air, after 
Muan (1955, 1957a). The system is not binary, but rather an oxygen isobaric section 
through the system Fe-Si-O, as explained in the original papers. 


Fig. 1 is reproduced from Muan (1957a). Phase relations in the system 
manganese oxide-silica in air were determined recently by Muan (1959), 
and the diagram is reproduced in Fig. 2. The phase diagram for the sys- 
tem iron oxide-manganese oxide in air is shown in Fig. 3, based on the 
recent studies by Muan and Somiya (in press). Particular attention Is 


* These systems are not truly binary, but will be referred to as such for sake of sim- 
licity. The term ternary is used with the same limitation throughout this paper. 
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Fic. 2. Diagram illustrating phase relations in the system manganese oxide-SiOy in air 
after Muan (1959). The system is not binary, but rather an oxygen isobaric section through 
the system Mn-Si-O, as explained in the original paper. 


called to the temperature minimum on the liquidus curve and the 
stabilization of the spinel structure of magnetite relative to the hexag- 
onal structure of hematite as manganese oxide is added to iron oxide. 


EXPERIMENTAL METHOD 
General Procedure 


The quenching technique was used in this investigation. Starting 
materials made up from pure oxides were held in platinum containers at 
selected temperatures in air until equilibrium was established among gas 
and condensed phases. The samples were then quenched rapidly to room 
temperature and the phases present determined by microscopic and 
x-ray examination. 


Starting Materials 


Reagent grade chemicals served as starting materials. The source of ; 
silica was ‘Baker Analyzed” silicic acid, which was dehydrated by igni- 
tion at 1200° C, for 24 hours, The iron oxide used was “Baker Analyzed” 
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Fe.O; which was dried by heating at 400° C. for 12 hours, and the 
manganese oxide used was “Baker Analyzed’? MnOy. 

After grinding and mixing these materials in required proportions, each 
| a was preheated at suitable temperatures to slowly decompose the 
starting oxides to those stable at high temperatures. This process had to 
De carried out with utmost caution because the higher oxides of manga- 
nese (notably MnOs, also Mn.O;) give off oxygen violently with the 
-esult that material may be lost by splashing of the melts. The tempera- 
“ure of the final heating step was in most cases above the liquidus, and 
‘he melt thus obtained, after cooling to room temperature, consisted of 
lass or a heterogeneous product with small quench crystals scattered 
pver the entire mass. 
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Fic. 3. Diagram showing phase relations in the system iron oxide-manganese oxide, 
‘fter Muan and Somiya (in press). The system is not binary, but rather an oxygen isobaric 
ection through the system Fe-Mn-O, as explained in the original paper. 
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Furnaces and Temperature Control . 


Most of the quench runs were carried out in vertical tube furnaces with § 
resistance windings of platinum or an 80% platinum—20% rhodium } 
alloy. Constancy of temperature in these furnaces was maintained by | 
commercial electronic equipment activated through a thermocouple 
(platinum—90% platinum 10% rhodium) inserted close to the hot spot 
of the furnace. Actual temperatures were read with a platinum—90% 
platinum 10% rhodium thermocouple calibrated against known melt- 
ing points defined as follows: Gold (Au), 1063° C.; diopside (CaMgSi2Os), 
1391.5° C.; pseudowollastonite (CaSiO;), 1544° C. Quench runs at 
temperatures above 1515° C. were carried out in a gas-air-oxygen com- 
bustion furnace in which air atmosphere was maintained around the 
sample by means of a zirconia protection tube separating the sample 
from the combustion chamber. Temperatures in this furnace were meas- 
ured with an optical pyrometer calibrated at the following fixed points: } 
Melting point of pseudowollastonite, 1544° C.; lower limit of formation { 
of two liquids in a 90% SiO»-10% CaO mixture, 1707° C.; melting | 
point of platinum, 1769° C. . 

Temperatures reported in the present paper are according to the Geo- } 
physical Laboratory Scale up to 1550° C., and according to the 1948 } 
International Scale at higher temperatures. Correction factors for con- | 
verting temperatures from one of these scales to the other are found ina } 


paper by Sosman (1952). Below 1550° C. the two scales are almost 
identical. 


Examination of Quenched Samples 


The phases present in quenched samples were determined mainly by 
microscopic examination. Both transmitted as well as reflected light 
techniques were used. The former technique was useful for identification } 
of SiO» (tridymite or cristobalite) and manganese silicates, whereas the 
latter was far superior for identification of the spinel phase. Also, the § 
reflected light examination of polished sections was found to be much ) 
more reliable for distinguishing primary crystals grown in equilibrium } 
with liquids at high temperatures from those formed during quenching ! 
of the liquids. The former crystals not only are larger, but in addition } 
they show sharp outlines as distinguished from the irregular dentritic | 
shapes of the quench crystals. 

The identity of crystalline phases was further confirmed by x-ray 
investigation, using either a Norelco or a GE-XRD-3 spectrometer unit | 
with iron radiation. The x-ray technique was also used to determine 
compositions of the spinel solid solution crystals appearing in equilibrium 
with liquids. The GE-XRD-3 unit was used for this purpose. The / 


| 
| 
| SYSTEM IRON OXIDE“MANGANESE OXIDE-SILICA 369 


jmachine was run at a scanning rate of 1/5° 2 @ per minute, and NaCl was 
jused as an internal standard. 


RESULTS 


Results of significant quench runs are illustrated graphically in Fig. 
4.* The diagram presented in this figure is a simplified representation of 
phase relations along the 0.21 atm. O: isobar through the quaternary 
jsystem Fe-Mn-Si-O. A quaternary system is usually represented by a 


SiO, 


TEPHROITE 


2 WT. % 


- Fic. 4. Diagram illustrating phase relations at liquidus temperatures in the system iron 
oxide-manganese oxide-silica in air, based on data obtained in the present investigation. 
Heavy lines are boundary curves, with arrows pointing in directions of decreasing tem- 
peratures, lines with stippling on one side indicate limits of two-liquid region, and light 
lines are liquidus isotherms. Dash lines are used in regions of the diagram where data are 
sporadic or lacking. Dots represent compositions of mixtures studied. 


regular tetrahedron, and the isobaric situation referred to above corre- 
sponds geometrically to an irregularly curved surface traversing the 
tetrahedron. The diagram presented in Fig. 4 is obtained by projecting 
points from the irregularly curved surface onto the plane Fes04-Mn;O.- 


* The detailed results of the significant quench runs are available from the American 
Documentation Institute, Auxiliary Publications Project, c/o Library of Congress, Wash- 
ington 25, D. C.; Document No. 6627; Price $1.25 for photoprints or 35 mm. microfilm. Ad- 
vance payment is required, made out to Chief, Photoduplication Service, Library of 
Congress. 
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SiO». The triangular diagram thus obtained has the, appearance of a | 
ternary system, and can also be treated like a ternary system as far as 
path of crystallization is concerned. However, it is important to keep in 
mind that isobaric invariant points in the triangular diagram in reality 
are intersections between the Os» isobaric surface (Po,=0.21 atm.) and j 
quaternary univariant lines. (Compare a previous paper from our labo- 
ratories, Muan 1958). 

The most significant features of the phase relations are as follows: 
The crystalline phases occurring in equilibrium with liquids in the system 
are silica (tridymite or cristobalite, depending on temperature), rhodo- § 
nite, tephroite and spinel solid solution. The first and the last of these 
phases (silica and spinel) together occupy approximately 99% of the 
composition area, whereas the fields of rhodonite and tephroite are re- 
stricted to minor areas adjacent to the manganese oxide-silica join. The 
field of tephroite in particular is very small, as only traces of iron oxide 
make the orthosilicate phase unstable in air. Liquidus temperatures de- 
crease rapidly from the high temperature plateau (~1700° C.) charac- 
terizing the part of the system where two immiscible liquids coexist in 
equilibrium, to the 1200-1450° C. range along the tridymite-spinel 
boundary curve. Temperatures along the latter decrease in the direction 
from the iron oxide-silica join toward the manganese oxide-silica join. The 
lowest liquidus temperature is 1205° C. The liquidus curve in the sys- 
tem iron oxide-manganese oxide in air has a temperature minimum | 
which gives rise to a trough extending part way into the ‘‘ternary” sys- 
tem as SiOz is added. This trough “‘dies out” before reaching any of the 
boundary curves in the ‘“‘ternary”’ system, and hence no temperature 
minima are present along these curves. 

There are two isobaric invariant situations in the system, charac- 
terized by the following phase assemblages: At 1205° C. and an Og 
pressure of the gas phase of 0.21 atm. tridymite, rhodonite, spinel and 
liquid of composition 9 wt.% Fe30.4, 52 wt.% Mns3O., 39 wt.% SiOs* 
coexist in equilibrium. Also at 1205° C. and the same Oz partial pressure 
rhodonite, tephroite, spinel and liquid of composition <0.5 wt.% 
Fe3O4, ~45.5 wt.% Mns3O0, and ~54 wt.% SiOz are present together in 
stable equilibrium. 

Of the crystalline phases occurring in the system, silica (tridymite or 
cristobalite) is a pure phase corresponding to the chemical formula SiOs. 
Rhodonite has a slight variation in MnO/SiO, ratio (compare Fig. 2) 
and probably takes some iron oxide (ferrosillite) into solid solution. 
Tephroite probably also contains some iron oxide (fayalite) in solid solu- 


* Total iron oxide expressed as FesO, and total manganese oxide expressed as Mn3O,. 
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tion. These two phases are represented in a simplified manner by the 
composition points MnO-SiO, and 2MnO- SiOz, respectively, in the 
| diagrams. Magnetite (Fe;0s) and the cubic form of hausmannite 
| (Mn3O,) form a continuous solid solution series (spinel) at high tempera- 
‘tures (compare Fig. 3). 

In order to illustrate relation of compositions of spinel and liquid 
phases coexisting in equilibrium, a diagram of fractionation curves is 
‘shown in Fig. 5. Fractionation curves are constructed from conjugation 
_ lines in such a way that the latter are tangent to the former. (A conjuga- 
‘tion line is a straight line connecting points representing compositions 
(of two coexisting phases.) The diagram in Fig. 5 is a simplified drawing 
|inasmuch as it illustrates projections onto the plane Fe;04-Mn3Oy-SiO» of 
fractionation curves traversing the tetrahedron representing the system 
| Fe-Mn-Si-O. 


| 


DISCUSSION 


We will focus our attention in the following on the courses of crys- 
|tallization of mixtures where spinel is one of the phases present. These 


SiO, 


MnO, 
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Fic. 5. Diagram illustrating as medium dash-dot lines fractionation curves in the system 
iron oxide-manganese oxide-silica in air. Other line symbols used have the same meanings 
vas explained in legend to Fig. 4. 
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relations will be discussed by choosing specific compositions as examples 
to show the principles involved. 

Two limiting types of crystallization are generally recognized, frac- 
tional crystallization and equilibrium crystallization. The former term 
refers to a crystallization taking place under conditions such that no 
reaction takes place between the crystals formed at any instant during 
crystallization and the liquid with which they are in contact. In this 
case the crystallization path follows the fractionation curves until a 
boundary curve is reached. From there on the liquid composition usually 
changes along the boundary curve, and the last trace of liquid disap- 
pears only after an invariant point has been reached. Hence, in the 
present system liquid under this type of crystallization will disappear 
at the temperature of one of the isobaric invariant situations at 1205° C. 
(see Fig. 4) or at the maximum (1220° C.) on the rhodonite-spinel 
boundary curve. 

Somewhat more complicated is the derivation of paths of crystalliza- 
tion under equilibrium conditions, that is when the liquid during the 
crystallization process reacts with the crystals to make the composition 
of all crystals uniform at any instant. This equilibrium path can be de- 
rived by methods described particularly well in several contributions by 
members of the Staff of the Geophysical Laboratory of the Carnegie 
Institution of Washington. (See for instance papers by Bowen and 
Schairer, 1935, and by Osborn and Schairer, 1941.) The application of 
these principles to systems in which changes in oxidation states take 
place, such as in the present case, has been discussed in papers from our 
laboratories. (See for instance a paper in 1958 by Muan.) 

Examples of paths of equilibrium crystallization are given in Figs. 
6-8. Consider first mixture A in Fig. 6. Spinel crystals start separating 
out at approximately 1530° C., the first crystals having the composition 
a’. Upon further cooling, more crystals of spinel with composition chang- 
ing from a’ to a”’ separate out, and the liquid composition changes along 
the curved path (heavy solid line) from 4 to ay. At the latter point the 
liquid has become saturated with SiO», and tridymite and spinel crys- 
tallize together as the liquid composition changes along the boundary 
curve from a2 to a3 and the spinel composition changes from a’ toa’, 
The last trace of liquid disappears at the temperature corresponding to 
point ds, approximately 1340° C., leaving as end product a mixture of 
tridymite and spinel, the former of composition SiO», the latter of uni- 
form composition a’”’, 

Mixtures B, C and D behave similarly, the final product of crystalliza- 
tion in all cases being the same as in mixture A. However, the early 
stages of crystallization differ, depending on the composition of the 
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original mixture. Mixture B consists of one homogeneous liquid above 
1600° C. At the latter temperature silica starts separating out, and the 
} liquid composition changes along the extension of the straight line from 
_the SiO: corner through point B. As the liquid composition reaches point 
| 61, spinel crystals of composition 6’ start separating out, and as more heat 
_is withdrawn from the system, silica and spinel of continuously changing 
| composition (6’-a’’’) crystallize out together. The behavior of mixture C 


SiO2 
>) 


if 


Fic. 6. Diagram showing paths of equilibrium crystallization of selected mixtures in the 
system iron oxide-manganese oxide-silica in air. In addition to boundary curves and liquid- 
us isotherms shown in Fig. 4, the following line symbols are used in the present diagram: 
Medium dash-dot lines are fractionation curves, heavy solid lines paths of equilibrium 
crystallization, light lines liquidus isotherms, and lines with stippling on one side are limits 
of two-liquid region. Open circles with accompanying letters refer to mixtures and compo- 
sitions of phases as discussed in the text. Light straight dash lines are conjugation lines 
connecting points representing compositions of phases coexisting in equilibrium. 


is slightly different in that two immiscible liquid phases (c: and cz) co- 
exist in equilibrium slightly above liquidus temperature. The first crys- 
talline phase to appear is silica (cristobalite), and as this crystallizes out 
the composition of liquid c; changes toward c3 and that of c2 toward (a, 
and the relative amount of the latter decreases toward zero. As more 
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heat is withdrawn from the system, silica continues to crystallize from a 
homogeneous liquid, and the further path of crystallization is analogous 
to that of mixture B. Mixture D behaves almost identically to C except 
that first a homogeneous liquid phase is present above liquidus tempera- 
ture, this is followed by a temperature range of stable existence of 
cristobalite and one liquid phase, then a temperature range of coexistence 
of cristobalite and two liquids. From the latter point on, the crystalliza- 
tion path is identical to that of C. 

The following sequence of phase changes is observed in mixture E 
during equilibrium crystallization: Spinel crystals of composition 
changing from e’ to e’’ separate out between approximately 1480 and 
1215° C., with liquid composition changing along the curved path (heavy 
solid line) from £& to es. With silica (tridymite) and spinel crystallizing 
together, the liquid composition changes along the boundary curve from 
é2 to ¢; until at the temperature of the latter (approximately 1205° C.) 
rhodonite separates out together with the other crystalline phases and 
the liquid disappears completely. 

It will be noticed that in all mixtures chosen as examples so far the 
iron oxide/manganese oxide ratio of the spinel phase decreases as the 
equilibrium crystallization process proceeds with decreasing tempera- 
ture. This is not the case with all mixtures in the system iron oxide- 
manganese oxide-silica in air, as is demonstrated in Fig. 7, showing the 
composition area adjacent to the manganese oxide apex of the triangle 
representing the system. There are three straight lines which are par- 
ticularly important for purposes of classifying crystallization phenomena 
in this area. The first of these is the conjugation line joining the composi- 
tion of the liquid at the isobaric invariant point es with point e’”” (com- 
pare Fig. 6) representing composition of the spinel phase in equilibrium 
with that liquid. The second is the straight fractionation curve go-g’” 
(compare Fig. 5) separating those with a convex curvature to the right 
from those with a convex curvature to the left. The third is the extension 
(Ro-k’”) of the line joining the MnO-SiO. composition point with the 
maximum on the rhodonite-spinel boundary curve. This maximum is 
determined as the point on the boundary curve for which the liquid- 
spinel conjugation line (the tangent to the fractionation curve) points 
toward the MnO-SiO. composition point. Mixtures F, G, H, K, M in 
rig. 6 are located to the left of line go-g’’, on line go-g’’, between lines 
go-g’” and ky-ky’, on line ko-k’’, and to the right of line Ay-k’’, respectively, 
in that order. During equilibrium crystallization of these mixtures the 
liquid compositions follow paths which can be derived from fractiona- 
tion curves by methods analogous to those used in connection with 
Fig. 6. For the present discussion we are mainly concerned with the di- 
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‘rection of change of iron oxide/manganese oxide ratios of the spinel 
phase as temperature decreases and crystallization progresses. In mix- 
ture F this ratio first decreases from f’ to f’” as the liquid composition 
changes along the curved path (heavy solid curve) from F to fe, and 
| then increases from f” to f’”” as the liquid composition changes along the 
rhodonite- spinel boundary curve from f2 to f;. The same type of reversal 


of change of iron oxide/manganese oxide ratio of the spinel phase is en- 


dtr 


| ee in all mixtures in the spinel primary field between lines e3-e 
cand go-g”. 

Mixture G is located on line go-g’’. In this case the straight line go-g”’ 
not only is the fractionation curve but also the first part of the path of 
crystallization. As the liquid composition changes along this line the iron 
oxide/manganese oxide ratio of the spinel phase remains constant (g’’), 
and only as the liquid composition later changes along the rhodonite- 
‘spinel boundary curve from gz to g3 does the iron oxide/manganese 


| 
oxide ratio of the spinel phase change (from g’’ to g’”’). 


"2Mn0-SiO> 


SPINEL 


rystallization of selected mixtures 
f the system iron oxide-manganese 
lained in legend to 


Fic. 7. Diagram illustrating paths of equilibrium c 
located in the spinel field in manganese oxide rich part 0 
oxide-silica in air, Line symbols used have the same meanings as exp 


Fig. 6. 
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In mixture H, located between lines go-g’” and k»-k’*, the iron oxide/ 
manganese oxide ratio of the spinel phase increases continuously during 
the crystallization process, first from h’ to h’’ as the liquid composition 
changes along the heavy solid line from H to /»2, and subsequently from 
h” to h'” as the liquid composition changes along the rhodonite-spinel 
boundary curve from hy» to hs. 

Mixture K is located on line k»-k’’. As crystallization proceeds under 
equilibrium conditions in this mixture the iron oxide/manganese oxide 
ratio of the spinel phase increases from k’ to k” as the liquid composi- 
tion changes along the curved path (heavy solid line) from K to ky. As 
the latter point is reached, the liquid phase disappears, and iron oxide/ 
manganese oxide ratio of the spinel remains constant. 

Mixture M is located on the right side of line k2-k’’, and a reversal in 
the direction of change of composition of the spinel phase takes place 
during the crystallization. The iron oxide/manganese oxide ratio first 
increases from m’ to m” as the liquid composition changes from M to mg, 
and then decreases from m’’ to m’”’ 
from mz to m3. 

A couple of examples of paths of crystallization involving liquids in 
the field of rhodonite will be discussed, because of the complications 
arising from the incongruent melting of this compound. The relations 
are illustrated in Fig. 8. 

The behavior of mixture JV is very simple. Tridymite starts separating 
out at approximately 1400° C., and the liquid composition changes 
along the straight line V-n.. At the latter point rhodonite starts separat- 
ing out, and tridymite and rhodonite coexist in equilibrium with a 
liquid changing composition along the boundary curve from mz to m3. 
At the temperature of the latter, approximately 1205° C., the liquid 
phase disappears, leaving as end product a mixture of tridymite, rhodo- 
nite and spinel. 


as the liquid composition changes 


The sequence of phase changes taking place during equilibrium crys- 
tallization of mixture P is more complicated. As tridymite starts to 
crystallize out at approximately 1300° C. the liquid composition changes 
along the straight line from P to py. At py rhodonite starts to crystallize 
and tridymite to dissolve, and the liquid composition changes along 
the tridymite-rhodonite boundary curve from ps to p3. At the latter 
point the last trace of tridymite has disappeared, and with rhodonite 
as the only crystalline phase present the liquid composition changes 
along the straight line from p; to ps. Spinel (composition p’”””) starts to 
separate out together with rhodonite at the temperature corresponding 
to ps, and the liquid composition now changes along the rhodonite-spinel 
boundary curve from ~, to 3. At the temperature of the latter point, 
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Fic. 8. Diagram illustrating paths of crystallization of selected mixtures in vicinity of 
rhodonite field in the system iron oxide-manganese oxide-silica in air. Line symbols used 
have the same meanings as explained in legend to Fig. 6. 


approximately 1205° C., tridymite again makes its appearance in the 
phase assemblage as the liquid disappears, and the end product is a 
mixture of tridymite, rhodonite and spinel. 
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ABSTRACT 


Neighborite, NaMgFs, occurs in the dolomitic oil shale of the Eocene Green River for- 
mation of South Ouray, Uintah County, Utah. It is associated with dolomite and quartz, 
and the accessory minerals burbankite, nahcolite, barytocalcite, garrelsite, wurtzite, cal- 
cite, and pyrite. The mineral occurs in pink rounded grains or in clear twinned octahedral 
crystals 0.1 to 0.5 mm. in diameter. It has a vitreous luster, uneven fracture, a hardness of 
4.5, and is insoluble in water. The specific gravity is 3.03 (measured) and 3.06 (calculated). 
Neighborite is optically anisotropic with very low birefringence and a mean index of refrac- 
tion 1.364. The crystals are invariably complexly twinned. 

X-ray powder patterns show that neighborite is isostructural with perovskite, CaTiOs. 
Phe pattern was indexed on an orthorhombic unit cell having a probable space group 
Pcmn, with dimensions a=5.363 A, b=7.676 A and c=5.503 A. The expansion of the unit 
cell was followed to 954° C. using a heating stage on the diffractometer. At 760° C. the or- 
thorhombic a and ¢ axes coalesce and from 760° to 900° C. the cell is tetragonal or pseudo- 
tetragonal with a=3.942 A and c=3.933 A (at 760° C.). At 900° +25° C. the unit cell be- 
comes cubic with a=3.955 A. The crystal structure of neighborite is interpreted in terms 
of the known structure of perovskite. 


INTRODUCTION 


In an extended study of the mineralogy of the Green River formation 
oi Utah and Wyoming, one of the minerals found in the dolomitic oil 
shale proved to be a sodium magnesium fluoride, previously undescribed 
as a mineral. Its «-ray powder diffraction pattern immediately showed 
that it belongs to the perovskite family of crystal structures of formula 
type ABX;. The present study substantiates the suggestion made by 
Ludekens and Welch (1952) that NaMgF; is among a group of fluorides 
whose structures appear to belong to the various modifications of the 
perovskite type. The significance of the mineral was further enhanced 
when it became apparent that its structure is closely analogous in detail 
to that of perovskite itself. In this paper the occurrence, physical proper- 
ties, crystallography and thermal properties of the new mineral are 
described. The mineral is named ‘‘neighborite” in grateful acknowledg- 
ment of the continued friendly interest and helpfulness of Mr. Frank 
Neighbor, District Geologist of the Sun Oil Co. at Salt Lake City. 
Through Mr. Neighbor’s efforts the specimens of South Ouray and Sun- 
Havenstrite well cores and cuttings were preserved and made available 
to us, thus making possible the discovery of not only neighborite but 
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also the new mineral garrelsite with elpidite and burbaxkite in the Utah 
Green River formation. 

We wish to express our thanks to three of our colleagues: Blair Jones 
for his help in the synthesis of neighborite, Nola B. Sheffey for the 
spectrographic analysis, and Daniel E. Appleman for the calculated d- 
spacings of neighborite obtained with the Burroughs 220 calculator. 


GEOLOGIC OCCURRENCE 


Neighborite was first found as clusters of pink and brown rounded 
grains in a dark brown to grayish black dolomitic vil shale of the Green 
River formation of South Ouray, Utah. It is associated with burbankite, 
nahcolite, wurtzite, barytocalcite, garrelsite, pyrite, calcite, and quartz. 
Cores from the South Ouray well at an unknown depth but somewhere 
between 1700 and 2300 feet consist of layers of fine-grained dark brown 
to black dolomitic oil shale interbedded with layers of coarsely crystal- 
line material of barytocalcite and nahcolite. Most of the crystals of 
neighborite which occur at the top of the fine-grained shale layer are 
rounded to subrounded as shown in Fig. 1. This fine-grained shale layer, 
as shown by its x-ray powder pattern, consists essentially of dolomite and 
quartz with a minor trace of feldspar. Some rounded neighborite occurs 
in discrete grains as inclusions in crystals of barytocalcite in the coarsely 
crystalline layers. 

Neighborite also occurs as cream-colored or clear, colorless octahedral 
crystals (Fig. 2). Such crystals were obtained from the well cuttings of 
the Sun Havenstrite well of Uintah County, Utah, at various depths. 
The crystals used in this study occur in cuttings that were collected 
from a depth of approximately 1930 feet within an interval of 10 feet. 
Besides fragments of oil-bearing dolomitic shale, the cuttings contain 
barytocalcite and pyrite. The total amount of neighborite obtained is 
less than thirty milligrams. 

The mineral has so far been found only from these two wells in Utah, 
which are located less than a mile apart in an area about 5 miles SSE of 
South Ouray, Uintah County, Utah. Cryolite, Na3AlF., has been 
found in the oil shales of the Green River formation from Colorado. The 
dolomitic oil shale there contains dawsonite, NaAl(CO;)(OH)s, and 
nahcolite. 


PHYSICAL AND OPTICAL PROPERTIES 


Neighborite has a vitreous luster, an uneven fracture, no distinct 
cleavage, and a hardness of 4.5. Neighborite is insoluble in water but 
slowly soluble in hydrochloric or nitric acid and more rapidly in sulfuric 
acid. The specific gravity of neighborite was determined both by the 
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Fic. 1. Typical habit of neighborite crystals: (a) rounded crystals on a thin layer 
of dolomitic oil shale; (b) loose clusters of rounded and oblong crystals. 


suspension or sink and float method using methylene iodide-bromoform 
mixtures, and with the Berman precision microbalance. Under a binocu- 
lar microscope, a 0.3-mm. diameter grain was observed to be suspended 
within the liquid column in a nearly stationary position for five to ten 
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minutes. The specific gravity of neighborite determingd in this way 1s 
3.02. In another test, a sample of 4.90 mg. of the best hand-picked 
octabedral crystals of neighborite was used for determination of its 
specific gravity with the Berman balance. The specific gravity so 
measured is 3.03 +0.03. 

Optically, the crystals are measurably anisotropic, but show very low 
birefringence about 0.003. The mean index of refraction measured with 
sodium light at 25° C. is 1.364+0.002. The crystals invariably show 


Fic. 2. Clear, single and interpenetrating crystals of neighborite. 


complex ill-defined polysynthetic twinning and consequently the optical 
properties cannot be determined completely. 

The octahedral crystals often show, in addition to the complex micro- 
scopic twinning, apparent interpenetration twinning. Besides the octa- 
hedral forms {111} the crystals show small cube faces {100} which 
truncate the octahedral faces. The fact that all of the crystals studied 
are multiply twinned was shown by the single crystal x-ray studies. 


CHEMICAL COMPOSITION AND SYNTHESIS 


Because of the small amount of clean sample at our dispusal, a com- 
plete chemical analysis of the mineral was not possible. One small 
sample weighing several milligrams was submitted for spectrographic 
analysis. The semiquantitative analysis of the mineral shows major 
amounts of Na,Mg,F, and Si. The results of the minor elements are 
shown in Table 1. The silica shown in the analysis is due to the small 
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amounts of quartz impurities present in the sample; the presence of 
quartz was also evident in the x-ray powder patterns. The theoretical 
formula, NaMgFs, requires F 54.64%, Na 22.05%, and Mg Deol. 

_ The composition of this mineral was finally established by comparison 
with the artificial compound NaMgfk which can be easily synthesized 
in the laboratory by our method described below, or by a method de- 
scribed by Ludekens and Welch (1952) or by Blair Jones’ method. 


TABLE 1. SPECTROGRAPHIC ANALYSIS OF THE Minor ELEMENTS OF NEIGHBORITE 
NaMgF;, From SoutH Ouray No. 1 WELL, Urytan County, Utant 


Ca OES) La 0.02 
Sr ORS Yb 0.01 
Fe 0.2 (Giz 0.01 
wh 0.06 Sc 0.01 
Vv 0.05 B 0.005 
Ww 0.04 Cu 0.004 
Zr 0.03 Be 0.0005 


{ Analyst: Nola B. Sheffey. 


Our method of preparation consists of grinding stoichiometric proportions 
of NaF and MgF> in an agate mortar and then sintering the mixture in 
air at 750° C. for 5 hours. The fine-grained crystalline aggregate pro- 
duced gives an x-ray powder diffraction pattern identical to that of the 
natural mineral neighborite (Table 2). 

~_ This compound has also been synthesized at much lower tempera- 
tures by Blair Jones at 300° C. and 30,000 bars water pressure and at 
450° C. and 30,000 bars water pressure. Unfortunately, no single crys- 
tals suitable for x-ray investigation were produced. 

The natural environment represented by the dolomitic oil shale in 
which neighborite occurs is that of a low temperature condition. Al- 
though the small amount of the mineral present seems geologically in- 
significant, the chemical environment was probably such that magne- 
sium was abundant and aluminum deficient. The fluorine that was 
present therefore combined with sodium to form neighborite instead of 


cryolite. 
CRYSTALLOGRAPHY 


Buerger precession photographs of neighborite single crystals (using 
MoKa radiation) are consistent, to a first approximation, with a cubic 
unit cell having a=7.67 A. The optical properties, the lack of true sym- 
metry planes shown by the intensity of the reflections, and poor quality 
of the single crystal patterns strongly suggested that the true symmetry 
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of the crystal is lower than cubic, and that a pseudocubic aspect is pro- 
duced by multiple twinning. After several crystals had been studied by 
the precession method, it seemed likely that the best chance of success 
in determining the cell constants and space group of neighborite lay in a 
study of the powder pattern. 

The «-ray powder diffraction photograph of neighborite shows a re- 
markable resemblance to that of perovskite, CaTiO;, both in d-spacing 
values and intensity of the reflections. As shown in Fig. 3 the corre- 
spondence is so good that there is no doubt that neighborite not only has 
the general perovskite type of structure, but also possesses the same 


Fic. 3. X-ray powder diffraction patterns of (a) neighborite and (b) perovskite from 
Magnet Cove, Arkansas. (Patterns made with CuKa radiation, and a 57.3 mm. diameter 
camera.) 


type of distortions and superstructure of the simple cubic ABX; pseudo 
unit that are characteristic of perovskite itself. This hypothesis is amply 
confirmed by the detailed crystallographic and thermal measurements to 
be described in the following sections. Such a correspondence is not sur- 
prising in view of the close similarity of the radii of the ions involved: 


ABX; CaTiO; NaMgF; 
A 0.90 A 0.95A 
B 0.68 0.65 
Be 1.40 1.36 


The powder diffraction data were measured from patterns made with 
film and the Philips diffractometer. Although the powder pattern of 
perovskite has never been correctly indexed, with the probable space 
group and the unit cell given for synthetic CaTiOz by Kay and Bailey 
(1957) the powder pattern of neighborite was successfully indexed. The 
cell dimensions of neighborite were determined from a careful measure- 
ment of the 200, 040 and 002 reflections on the diffractometer record. 
The measured and calculated data for neighborite are listed in Table 2. 
The dimensions of the unit cell and pseudocell are given in Table 3, in 
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comparison with corresponding dimensions for CaTiOs as given by Kay 
and Bailey (1957). The statement by Ludekens and Welch (1952) that 
NaMgF; is tetragonal at room temperature (with a=7.65 and c=7.30 
kX) is not supported by our work. 

The specific gravity of neighborite calculated from the measured unit 
cell volume with 4 formula units per cell is 3.06, in good agreement with 
the value 3.03+0.03 measured as described above. 

Concerning the crystal structure of neighborite, no direct analysis of 
itis possible at this time, and we can only assume that it is closely similar 
to that of perovskite. We rely, therefore, on the penetrating study of this 
difficult problem made by Kay and Bailey (1957). They proved that 
the structure of CaTiO; has orthorhombic symmetry, and that the 
probable space groups are Pcmn or Pc2in. By a detailed analysis of the 
structure, they concluded that Pemmn is the correct one, and we may as- 
sume that neighborite, the stable low temperature phase, also has this 
‘space group. The crystal structure is described in a later section. 


HicH TEMPERATURE STUDIES OF NEIGHBORITE 


Finely ground synthetic neighborite was mounted on the heating stage 
of a diffractometer. The heating stage was designed to provide a uniform 
temperature across the sample surface and temperatures were measured 
by means of a platinum-platinum-10 per cent rhodium thermocouple 
mounted at the center of the irradiated surface. The instrument was cali- 
brated against the thermal expansion of silver and the melting point of 
silver. Temperature was controlled by means of an A.C. balancing bridge 
circuit in which the platinum heating element acted as one arm of the 
bridge. Temperature was controlled in this manner to +2° C. for ex- 
tended periods. Although neighborite is quite stable in air, the heating 
chamber was evacuated to reduce convection currents and allow a more 
satisfactory temperature control. In operation the heating stage allows 
the same resolution obtained with conventional diffractometer mounts 
at room temperature. 

Preliminary heating runs established that neighborite became cubic 
at high temperatures, and that the high temperature cubic cell coincided 
with the pronounced cubic “‘pseudo cell” present at room temperatures. 
The melting point was not determined. 

To investigate the transition from the orthorhombic cell at room tem- 
perature to cubic cell at high temperature, the lines 002, 200, 121, 022, 
220 and 040 in the orthorhombic cell were accurately measured at a 
series of temperatures. It is most convenient to discuss the changes oc- 
curring in terms of the cubic “pseudo cell,” rather than the true ortho- 
rhombic cell. Consequently, the parameters @ '=a//2, b'=b//2 and 
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TaBLe 2, X-RAy PowpeER Data FoR NEIGHBORITE, NaMgF3 


Orthorhombic, Pemn a=5.363, b=7.676, c= 5.505 A, (all +.001 A) 
a:b:c=0.698:1:0.717 


Natural! Synthetic? 
dari 
hkl ° 
(A)eale. ereaie Intensity ee Intensity 
110 4.396 
101 3.841 
020 3.838 3.83 35 3.85 44 
111 3.435 3.44 4 3.44 7 
002 Metin Dis 4 OAS 17 
121 Deis Davi 50 ey a\ 54 
200 2.682 2.68 4 2.68 il 
012 2.590 
102 2.448 2.44 3 2.44 6 
201 2.411 A 9 2.41 11 
i) 2.332 MESS) 4 aS 16 
130 2.309 DBO 25 25305 29 
211 2.300 2.297 27 
022 2.236 BMS 18 Qe2s2 30 
220 2.198 2.20 13 2.198 18 
131 NAD) DMs} 6 2.128 9 
122 2.064 2.06 6 2.060 11 
221 2.041 2.04 2 2.040 7 
202 1.920 
040 1.919 1.918 100 1.918 100 
032 1.874 1.872 3 
IPD 1.863 1.862 4 1.862 4 
132 1.769 1.765 2 fe 765 S 
231 SS fof55 4 
310 1.741 1.743 3 
103 1.736 ise 3 iF) 7 
222 iL Wily 1.716 10 
141 Way eis) 9 ins 71s) 6 
301 1.700 
113 1.693 1.689 6 1.692 8 
iil] 1.660 1.661 1 1.664 3 
123 1.581 1.583 11 
042 1.574 ISAS) 13 LBs 12 
240 1.561 1.561 10 
321 liROdo Loew) 25 ESSS 28 
232 1.536 1.530 1 


a 


‘ Natural neighborite, taken with film, camera diameter 114.59 mm. CuKa radiation 
(\=1.5418 A), Ni filter. Lower limit 2@ measurable: approximately 6.3° or 14.04 A. 

* Synthetic neighborite, using diffractometer, CuKa radiation (A=1.5418 A), Ni 
filter. Sample contains a trace of NaF, not reported. 
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TABLE 2 (continued) 
Natural! Synthetic? 
dnxt 
ise (A)cale. Dnxt Ttendl Tnx : 
Cnedss ntensity Cymcas. Intensity 
142 110 
241 1.501 
302 1.499 1.499 2 1.497 y 
213 1.485 
150 1.476 1.473 2 1.475 2 
Si) 1.471 
330 1.465 
133 1.436 1.434 2 1.435 2 
| 151 1.426 
| 331 1.416 1.415 1 1.415 1 
223 1.408 1.404 1 1.406 1 
ie 322 1.396 
| 004 1.376 esa 3 1 SiS 4 
| 242 es Si 1.356 13) 1ES55 15 
1.340 2 1.340 3 
1327 2 1.329 2 
1.300 4b 1.298 4 
fe2s2 3b 1.284 3 
1.268 1b 
1.256 1b 
1.234 D, 1h 28S) 1 
1.220 2 e222 1 
iL Pats) 4 iL iD) 5 


TABLE 3. Unit CELL DimENSIONS OF SYNTHETIC NEIGHBORITE AND PEROVSKITE 
Data for CaTiO; from Kay and Bailey (1957) 


NaMgF; (18° C.) 


CaTiO; (Temp. not stated) 


5.363+0.001 A 


7.676+0.001 
5.503+0.001 


0.6987:1:0.7169 


3.792 A 
3.838 
3.891 


0.9880:1:1.0138 


56.63 A’ 


5.3670+0.0001 A 
7.6438+0.0001 
5.4439+0.0001 
0.70213:1:0.71219 
3.7951 A 


3.8219 
3.8494 


0.99298:1:1.00719 


55.834 A3 
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c'=c//2 (where a, 6, and c are the unit cell edges of the orthorhombic 
cell) were calculated from the measurements and these are presented in 
Table 4, and illustrated in Fig. 4. 

With rising temperature neighborite remains clearly orthorhombic, 
although the a’ and c’ lengths become progressively closer together. 
At 760° C., and a’ and c’ lengths become identical, an effect which can 
best be observed by the coalescence of the 220 and 022 lines. Above 
760° C., a’ and c’ remain identical but 0’ is still measurably less than a’. 
The cell is now tetragonal or pseudo-tetragonal. At 760° C., all reflec- 
tions with orthorhombic indices & odd, and those with k even and h+/ 
odd disappear, indicating that the tetragonal cell is congruent with the 
former “‘pseudo cell.”” The unit cell edges of the new tetragonal cell at 
this temperature are a=b=3.942 A and c(=b’)=3.933 A. The trans- 
formation matrix from the orthorhombic cell to the tetragonal cell is 


ire Tee 


3:96 


3-94) — 


3:90 


oa 
; 
wee 


ORTHORHOMBIC TETRAGONAL | CUBIC 


3-78 rae | 


0 100 200 300 400 S00 600 700 800 900 1000 
weal: YO—=- 


Fic. 4. Variation in cell constants of neighborite with temperature, showing 
transition points at 760° C. and 900° C. 
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TABLE 4. DIMENSIONS OF THE CUBIC PSEUDOCELL IN NEIGHBORITE AT 
|) DIFFERENT TEMPERATURES 


SSS Ss fs 


Temp. 7~ C. a’ A i JN Ga VVA 
Orthorhombic 
18 3.792 3.838 3.891 3.842 
110 Sol) 3.848 3.894 3.853 
220 3.832 3.860 3.901 3.864 
333 3.848 Dail 3.908 3.876 
| 457 3.870 3.888 3.917 3.892 
537 3.886 3.898 3.924 3.903 
| 633 3.908 3.910 3.934 3.917 
| 700 3.923 3.920 3.937 3.927 
| 724 3.931 3.926 3.938 3.932 
| 749 3.938 3.930 3.941 3.936 
i 
] Tetragonal 
| 800 3.945 3.938 3.945 3.943 
| 837 3.948 3.944 3.948 3.947 
| 
1 Cubic 
| 900 3.955 32955 3.955 3.955 
954 3.960 3.960 3.960 3.960 


__ In the orthorhombic phase, a= /2-a', b=2b’, c=+/2-c’; in the tetragonal phase, a=a’ 
-=c’; c=0’; in the cubic phase, a=a =b'=c’. V’=a'b’c’, the volume of the pseudocell. 


23/2, 0, —3/030. Figure 5 shows the diffractometer records of the 
cubic phase at 900° C. and the orthorhombic phase at 18° C. From 760° 
to 900° C. neighborite remains tetragonal, but the axes gradually become 
closer in length. Above 900° C. the three axes become identical and the 
cell is cubic. Designation of the transition temperature as 900° C. is 
largely based on the projection of the a’ and 0’ axial lengths versus tem- 
perature plots. Since the curves converge at a small angle the intersection 
point necessarily has a large uncertainty and the tetragonal—cubic 
transition temperature should be considered as 900° + 25° C. 

The progressive transitions from orthorhombic to tetragonal to cubic 
can best be demonstrated by observing the 200, 002 and 121 reflections. 
‘At 760° C. the 200 and 002 lines become coincident but are still clearly 
resolvable from the 121. At 900° C. all three lines become coincident 
reflecting the cubic cell. The transitions are rapidly reversible and to our 
knowledge the tetragonal and cubic forms cannot be quenched to room 


temperature. 

_A plot of the cube root of the volume of the “pseudo cell” against 
temperature (Fig. 4) has a small inflexion at 760° C. and another at ap- 
sroximately 900° C. Since no abrupt break in the curve is observed both 
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100 


121 


22 26. ~+30 34 38 42 46 50 
29 


Fic, 5. X-ray diffractometer traces of neighborite at (A) 18° C. and (B) 900° C., CuKe 
radiation, demonstrating disappearance of superlattice lines in the higher temperature 
form, 


the orthorhombic—tetragonal and tetragonal—cubic transitions are at 
least second order and possibly higher order, transitions. 


CRYSTAL CHEMISTRY 


Neighborite belongs to the simple class of crystal structures with gen- 
eral formula ABX;, commonly known as the “perovskite family” (Wells, 
1950, Megaw, 1957). The ideal structure is cubic with a unit cell about 
3.8 to 4.0 A on edge, containing one formula unit. The structure consists 
of A and X atoms in cubic closest packing with B atoms inserted in octa- 
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Fic. 6. Schematic views of the probable crystal structure of neighborite, after the 
ttructure described for perovskite by Kay and Bailey (1957). Na atoms are represented by 
large shaded spheres, Mg atoms by small circles and MgF¢ groups by shaded octahedra. 
Full lines outline the orthorhombic unit cell and dashed lines show the cubic pseudocell. 
‘Phe Na atoms lie on mirror planes normal to the y axis, seen on edge in the view at right. 


hedral cavities. If the A atom is significantly smaller or larger than X, 
Fhe simple structure is generally distorted to a lower symmetry. Thus, in 
perovskite itself, for which calcium is a little more than half the size of 
oxygen, the symmetry becomes orthorhombic and a superstructure 1s 
¢ormed with a unit cell four times the size of the ideal cell. Such distorted 
structures often transform to the ideal structure type at some higher 
éemperature, and for perovskite, there is evidence that such a transition 
does occur at about 1260° C. (Megaw, 1957, p. 91). In the heating experi- 
ments on synthetic neighborite, this transition was positively identified 
a 760° C. 

On the basis of their single crystal intensity data alone, Kay and 
Bailey (1957) could not distinguish between two possible structures for 
CaTiO;. One of these two resulted in highly distorted octahedra with 
li-O distances ranging between 1.78 and 2.08 A. The other (shown in 
Fig. 6) has fairly regular octahedra (Ti-O distances all 1.93 A), the dis- 
-ortion of the high temperature cubic structure being manifested only in 
he tilting of the polyhedra. Kay and Bailey accepted the latter mainly 
yn grounds of parsimony, even though other structures such as BaTiO; 
ind PbTiO; (Megaw, 1947, p. 108) show large distortions in the TiQ¢ 
»etahedra. The cause of the distortion in the perovskite structure has 
yeen commonly attributed to the relatively small size of the calcium 
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atom. Kay and Bailey’s proposed structure effectively reduces the co- 
ordination for calcium from 12 (for the undistorted high temperature 
form) to 8 (8 Ca-O distances of 2.4-2.5 A; the other 4 become 3.0-3.1 Ay 

Since it is well known that titanium can suffer considerable distortion 
of its bonding with oxygen, presumably because of the largely covalent 
character of the bonds and the influence of the available 3d orbitals in 
forming hybrids in the formation of these bonds, the crystal chemical 
arguments for the CaTiO; structure presented above do not rest on a 
firm theoretical basis. The situation is different for neighborite, however. 
Here the bonding is largely ionic, and no d-hybridization is possible. 
Therefore, there is no reason to expect the MgFs octahedra to depart 
from regularity any more than is necessary, and the tilted regular octa- 
hedron structure can be accepted with much more assurance. Fortu- 
nately, the close analogy between the structures of NaMgF; and CaTiO; 
strengthens the arguments set forth by Kay and Bailey for this structure 
for the latter. 

The appearance of the tetragonal phase between the low temperature 
orthorhombic and high temperature cubic forms does not have any 
obvious explanation. The tetragonal cell consists of a slight distortion of 
the cubic cell (c/a=0.9977 at 760° C.), similar to that of BaTiO3, which 
is cubic above and tetragonal below 120° C., the latter phase having 
c/a=1.009 (Megaw, 1957). The tetragonal distortion in BaTiO; is cer- 
tainly due to a pronounced polarization of one of the Ti-O bonds (Evans, 
1953) of a kind which has frequently been found in transition metal oxide 
and fluoride structures. Such a polarization seems implausible in an ionic 
magnesium fluoride structure, and we believe that the explanation more 
probably lies in some special type of thermal vibration. As the tempera- 
ture of the orthorhombic form is increased, the degree of tilting of the 
octahedra in the a-c plane (Fig. 6, top view) must become less and less 
until at the transition temperature 760°, the pattern becomes quite 
square. If the Mg-F-Mg links which tie one layer normal to the new 
tetragonal axis to the one above or below is still bent as it was in the 
orthorhombic phase, the tetragonal c axis (} the orthorhombic 6 axis) 
would be slightly shortened with respect to the @ axis, as is observed. 
This shortening may be contrasted with the slight lengthening which 
results from bond polarization as in BaTiO; and PbTiO;. The bending of 
the bond would be randomly oriented with respect to the tetragonal ¢ 
axis, corresponding to a libration of the fluorine atom about the Mg-Mg 
axis. The reason why such libration might be emphasized only on alter- 
nate fluorine layers in the structure is not revealed by our speculation. 
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GIBBSITE VERMIFORMS IN THE PENSAUKEN 
FORMATION OF NEW JERSEY 


Wiii1am Loppinc, Bureau of Mineral Research, 
Rutgers, the State University. 


ABSTRACT 


Vermiform aggregates found in seven localities in the coarse sands of the Pensauken 
formation were identified as composed mostly of gibbsite. Although their appearance is 
very similar to kaolinite vermiforms and knaeuel described in the literature, all indications 
are that they are authigenic and formed by direct weathering of feldspar and other silicates 
to gibbsite, suggesting a near-laterite type of weathering during an interglacial period of 
the Pleistocene in this area. 


INTRODUCTION 


Vermiform crystal aggregates of kaolinite, dickite, and anauxite have 
been reported by Ross and Kerr (1930) and others (Carozzi 1960), 
usually associated with kaolin deposits. Kulbicki (1954) describes ver- 
micular dickite in a gibbsite matrix. Gordon and Tracey (1952) found 
accordionlike kaolinite crystals partly replaced by gibbsite in the baux- 
ites of Arkansas. 

Vermicular aggregates of appearance strikingly similar to some of 
these were found by J. H. C. Martens (personal communication) in the 
Pensauken formation near South Amboy, New Jersey. These vermiforms 
are much larger in size, however, than those reported elsewhere, and 
their principal constituent was identified as gibbsite (Lodding 1960). 


OCCURRENCE 


Vermicular gibbsite aggregates were found since then in six additional 
localities of the Pensauken formation, as indicated in Table I. They occur 
in coarse and medium size arkosic sand and gravel. Considering the deli- 
cate shapes and little strength of some of these aggregates it is difficult 
to imagine that they underwent any amount of transportation. It must 
be assumed that they are authigenic. Gibbsite was also found in the same 
localities as a whitish cement, filling interstices between the sand grains. 
Although gibbsite cement is present in some glauconitic sands, no vermi- 
forms were found to date in sands containing glauconite. 

Five of the seven localities described lie within a circle of six miles 
south of the Raritan River estuary. Samples No. 960 and 1081 were 
found 20 and 30 miles to the south-east of this area. No preferential verti- 
cal distribution has been observed. 

The thickness of the gibbsite-bearing beds is rather irregular mainly 
due to cross-bedding. Although it is sometimes possible to follow a hori- 
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con for several hundred feet, its thickness may vary from a few inches 
jo several feet. The spans indicated in Table 1 are those encountered at 
, particular bore hole or channelled exposure. 


DESCRIPTION OF SPECIMENS 


Vermicular gibbsite aggregates range in size from 1 to 6 mm. in their 
jongest dimension, with length-to-width ratios varying between 1 and 
(0. (Fig. 1) 


Fie. 1. Vermicular gibbsite. Each scale division=1 mm. 


The color of the aggregates ranges from off-white to light brown. A 
ew specimens show a heavy surface coating and are almost black. 
3ranching along longitudinal cracks is frequent. Some twisted vermicular 
ggregates very similar to the Kaolinitknaeuel described by Guth6rl 
1956) are also found. Many vermiforms show brown banding perpen- 
icular to their long axis. Unlike that in the kaolinite vermiforms de- 
cribed by Schiiller, the brown banding is not due to organic matter, but 
) iron oxides. 

Vermiform gibbsite shows some cleavage perpendicular to the long 
xis. Thus mica-like platelets are sometimes obtained by prodding a 
ermiform with a needle. These platelets have the shape of irregular 
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hexagons, parallelograms, or a composite of these figures, often with 
reentrant angles. 

Delicate water-clear skeletal particles of plagioclase (as identified by 
J. H. C. Martens) are often found in the coarse sands. 


COMPOSITION 


Chemical and spectrographic analyses were made on hand picked 
vermiforms of sample 1013. The chemical analysis showed the following: 


Al,O3 57.0 % MnO 0.05 
SiO» 7.41 CuO 0.02 
FeO; (total) 4.32 Na2,O 0.12 
TiO» 1.80 K,0 traces 
MgO 0.14 Loss on ign. 28.7 
CaO 0.04 ——~-— 
SrO 0.01 Total 99.61% 


X-ray powder photographs show strong reflections for gibbsite and 
weak lines for kaolinite and quartz. No reflections were found for iron 
oxides, suggesting poorly crystalline or amorphous compounds. A Laue 
photograph taken on a single vermiform platelet with the beam per- 
pendicular to the presumed a—d plane showed that the platelet is clearly 
not a single crystal, although a certain degree of preferred orientation 
can be observed. 

Differential thermal analysis showed the endothermic reaction for the 
dehydration of gibbsite starting at 250° and the peak at 335° C. A small 
kaolinite peak is at 550°, and a small amount of quartz is indicated by 
the a-G inversion at 573°. No evidence of dickite was found in 38 thermo- 
grams. 

DTA was performed both in dynamic air, or in hydrogen atmosphere 
followed by oxidation in air. The latter method was used to distinguish 
between hydrated iron oxides and gibbsite, which both dehydrate in the 
same temperature range, when heated in air. (Lodding and Hammell 
1960.) The approximate amount of gibbsite present was determined by 
these methods in all vermiform-bearing sands shown in Table I. 

From the chemical analyses and DTA the mineral composition of 
sample 1013 was calculated: 


gibbsite 87% 
kaolinite 6% 
iron and tita- 

’ nium oxides 6% 
quartz 1% 


Vermiforms from other localities have a similar mineral composition 
except for the gibbsite-kaolinite ratio, which may vary from 15 to 3. Op- 
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Fic. 2. Vermicular gibbsite; undisturbed thin sections. Left: X40; right: X14. 


tical Properties: Indices @,8 1.566+0.002; a appr. 1.585 (all except frag- 
ments very high in limonite 1.584), 2V estimated 10°, sign positive. 


Thin Sections 


Undisturbed sections were prepared from slightly consolidated vermi- 
form-bearing sands. See Figs. 2 and 3. Orientation of the gibbsite seems 
to be random and little relation is apparent between quartz aggregates 
and vermiforms. Gibbsite vermiforms often split parallel to their long 
axis, and sometimes these branches double back to the main body (Fig. 
2). These branches look like the result of longitudinal cracks, causing a 
peculiar angular cross section of the vermiform gibbsite platelets de- 
scribed. In Fig. 3 a gibbsite vermiform is seen in polarized light with the 
extinction boundaries following the rotation of the moving stage. No 


Fic. 3. Vermicular gibbsite. Left: plane polarized light; right: crossed nicols. Both 40. 
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evidence of vermiforms growing on muscovite platelets as described by 
‘Schiller (1951) was seen. The gibbsite vermiforms seem to be detached 
from the other mineral grains and aggregates with only point contacts 
between them. 


GENESIS OF VERMIFORM GIBBSITE 


The Pensauken formation is composed of sand, gravel, silt and clay, 
often deeply eroded and weathered. According to Salisbury and Knapp 
(1918) and MacClintock (1940) it is interglacial, younger than the 
‘Bridgeton and older than the Cape May (Sangamon) formations. It is 
thought to be a stream deposit laid down by rivers with shifting chan- 
nels as evidenced by frequent cross bedding. The permeable Pensauken 
sands are not covered by any other formation and apparently have not 
had much of any cover in their past history. 

Vermiforms are found at depths of three to twenty feet below the pres- 
ent surface. The presence of abundant feldspar in various stages of 
weathering in the Pensauken points to the source of alumina needed to 
form gibbsite. Keller (1958) proposes a mechanism of direct weathering 
of nepheline, amphiboles and feldspars to kaolinite, gibbsite, and iron 
oxides. Weathering in a pH range of 7 to 9.5 may lead to removal of 
bilica and iron, leaving aluminum hydroxides behind. At higher pH, both 
siumina and silica are mobile, and at a pH below 7 alumina is immobile 
and silica has low mobility. Abrasion pH values of 9 to 11 are obtained 
when nepheline, diopside, or feldspars are ground. In the presence of 
these minerals, rain and ground water may acquire a pH between 7 and 
2.5, Such a condition may produce preferential leaching of silica in the 
weathering of aluminous silicates. Aluminum hydroxide left behind may 
sartly dehydrate and crystallize to gibbsite on suitable seed crystals. 

An alternative possibility would be the formation of kaolinite vermi- 
corms as the result of feldspar weathering, and subsequent transforma- 
ion of the kaolinite into gibbsite by the removal of silica. This process 
ippears less likely in the present case, because of the absence of kaolinite 
vermiforms in the Pensauken. It is likely that some of the vermiforms 
ound in seven different localities of the Pensauken would have remained 
-aolinite, if this had been the starting material. The fact that kaolinite 
-onstitutes at most one-fourth of the vermiforms, and usually much less, 
vould indicate the likelihood of direct weathering of pyroxenes and feld- 
pars to gibbsite. Incomplete removal of the silica can then account for 
he kaolinite present. 

Keller (1958) lists the following conditions leading to the formation of 
‘ibbsite: 
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1) parent materials with an abrasion pH of 9 or higher. ° 

2) profuse rainfall throughout the year. 

3) high temperature (accelerating rate of hydrolysis). 

4) abundant and continuously active microflora of very warm humid climate. 
5) high permeability of regolith which allows the removal of dissolved silica. 


Conditions corresponding to points one and five are evident in the Pen- 
sauken formation. Some evidence is also present for the existence of con- 
ditions two, three, and four, which assume a hot and humid climate and 
rapid weathering and oxidation representing a near-laterite type of 
weathering. The scarcity of organic matter and the state of oxidation of 
iron as heavy coatings on sand grains and in the clays point in this direc- 
tion. 

In this connection it should be noted that Krebs and Tedrow (1958) 
recently identified gibbsite as a major constituent of the clay fractions 
in certain soil horizons in two widely separated areas of New Jersey. The 
Annandale loam and silt loam derived from the pre-Wisconsin glacial 
drift on Schooleys Mountain and the Aura and related sandy loams de- 
rived from the Bridgeton formation all contain considerable gibbsite and 
kaolinite. 
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ABSTRACT 


Semi-fluid asphalt which percolates through uranium ore bodies on the San Rafael 
Swell is indurated by heat at temperatures from 250° C.—300° C. The indurated material 
becomes brittle and generally similar in physical properties to naturally indurated “asphal- | 
tite.” Infrared curves of artificially indurated material also compare favorably with curves 
for natural “asphaltite.”’ Infrared curves for both indurated artificial and natural “asphal- 
tite” show weak and indistinct absorption bands in contrast to the stronger absorption of — 
semi-fluid asphalt. | 

Mineralogical investigation of the uranium silicate coflinite indicates that the mineral 
is similar to the synthetic coffinite, prepared by Fuchs and Hoekstra (1959), through the | 
absence of an essential hydroxyl component. | 

The intimate and widespread association of indurated uranium-bearing ‘“asphaltite” 
and the uranium silicate coffinite suggests that the two were formed contemporaneously. — 
The urano-organic constituent could presumably have been hardened by irradiation, al- — 
though this seems unlikely. However, such an origin is hardly even conceivable for the — 
uranium silicate coffinite. Hydrothermal origin is believed to prevail both for the coffinite — 
and the associated uranium “‘asphaltite.” 


INTRODUCTION 


The widespread asphaltic association of uranium has long been recog- 
nized, and most workers attribute a petroliferous origin to this material. 
On the other hand, there appears to be a lack of agreement on the origi- 
nal source of the uranium and the temperature of formation. Gott and_ 
Erickson (1952) have suggested that uranium might have concentrated 
in the asphaltites directly from petroleum. Erickson ef al. (1954) have 
also indicated that the similarity between the metal suite in crude oils 
and in uraniferous asphaltic deposits, and the uranium concentration in 
the latter, suggest that uranium and the other metals have accumulated 
in the heavier, more asphaltic portions of petroleum. Several believe that 
uraniferous asphaltites may have been formed through volatilization, 
oxidation, and polymerization of a petroleum enriched in these metals. 
Hail et al. (1956), however, concluded that most of the uranium present 
in the oil has been introduced during migration. At the same time, 
Breger and Deul (1956) have indicated that petroleum can be both a 
carrier and. a collector of uranium. 

Polymerization or condensation of hydrocarbons around an older 
radioactive Source as a result of irradiation has been suggested by Els- 
worth (1928), Spence (1930), Davidson and Bowie (1951), Davidson 
(1955), Isachsen and Evensen (1956), and Pierce e¢ al. (1958). 

The exceedingly low uranium content of crude oils and asphalts com- 
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pared to the high content in uraniferous asphaltites indicates that pe- 
troleum is more likely to be a collector than a distributer of uranium. 
Keiley and Kerr (1958) have suggested that uranium-bearing hydro- 
thermal solutions have introduced that metal into pre-existing liquid 
hydrocarbons which were indurated by the accompanying heat. 

In this asphaltic association, uranium may be found in discrete min- 
erals such as uraninite or coffinite, and it may occur as a urano-organic 
complex. The temperature range under which coffinite forms (Fuchs and 
Hoekstra, 1959) and the temperature of induration of ‘“asphaltite” are 
believed to be significant in the interpretation of the temperatures which 
prevailed during uranium mineralization on the Colorado Plateau. 

The objective of the current study has been essentially twofold: 
(1) to study the effect of heat on semi-fluid asphalt collected from fissure 
seepages in certain uranium deposits in order to compare the heat- 
treated material with naturally occurring uranium-bearing ‘‘asphaltite”’ 
irom the same area, and (2) to study the association of coffinite, a fre- 
quent accompaniment of “‘asphaltite,”’ in order to obtain more intorma- 
tion on the nature of this unusual mineral and the significant association 
involved. 


INDURATED URANIUM-BEARING ASPHALTITE 


Numerous uranium deposits contain impregnations of asphaltic ma- 
terials in which the impregnated rock types (Pierce ef al., 1958) range 
irom igneous and metamorphic to terrestrial and marine sedimentary. 

Elsworth (1928) applied the name thucholite to a thorium-uranium- 
rare earth hydrocarbon found in pegmatites at Parry Sound, Ontario. 
Thucholite was believed by Elswofth to have been formed by hydro- 
thermal replacement of uraninite by hydrocarbons polymerized by 
y-particle irradiation. Spence (1930) believed that migrating mineral oil 
was polymerized by radiation to form thucholite which in turn replaced 
uraninite. 

Christie and Keston (1949) have described thucholite associated with 
old in pitchblende veins in the Goldfields district of Saskatchewan, 
Canada. Bowie (1955) concluded that thucholite from the Nicholson 
mine, Saskatchewan had resulted from the polymerization of mobile, 
mostly gaseous hydrocarbons by radiation emitted by pre-existing pitch- 
nlende, a process similar to that postulated by Davidson and Bowie 
1951) for the hydrocarbon-uraninite complex of the Isle of Man and 
he Witwatersrand. 

Uraniferous hydrocarbons from Moonta, South Australia have been 
-eported by Mawson (1944) in lodes cross-cutting bornite and quartz. 
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Davidson and Bowie (1951) studied a sample from this occurrence and 
found fine pitchblende associated with chalcopyrite, bornite, covellite, 
arsenopyrite, and quartz. 

Linares (1956) has reported a uranium-bearing asphaltic material 
(thucholite) associated with uraninite, copper sulphides, galena, and 
sphalerite from the Eva Peron deposit of the Argentine Republic. The 
asphaltic material is thought to have originated through distillation of 


bituminous mud by thermal action related to magmatic activity. Uranif- ~ 


erous asphaltites have also been reported in the Soviet Union, Japan, 
Sweden, and Mexico. 

In the United States occurrences of uranium-bearing ‘‘asphaltite”’ 
are widespread on the Colorado Plateau and in adjacent areas, but the 
nature and origin of such occurrences has been the subject of consider- 
able discussion. 

Breger and Deul (1955) have suggested that organic pellets in the 
Moss Back formation of the San Rafael Swell represent an organic 
extract from low-rank coals. Kelley and Kerr (1958) pointed out, how- 
ever, that important factors of field occurrences support a petroliferous 
origin. Drill holes on the east side of the Temple Mountain show the 
transition from indurated uranium “‘asphaltite’ to viscous non-uranium 
asphalt. There is also a widespread distribution of oil sand in the per- 
meable strata of the area. At the same time coal is absent and the dis- 
tribution of lignitic material is sparse. 

Hydrocarbon occurrences of the Unita basin (Hunt ef al. 1954) show 
four chemically different types (ozocerite, albertite, gilsonite and wurt- 
zilite) which are believed to represent variations in the depositional en- 
vironment of the source rock. Davidson (1955) has stated that many 
specimens of uraniferous ‘“‘asphaltite” from the Plateau are indistinguish- 
able under the microscope from thucholite derived from hydrothermal 
lodes or pegmatites and has expressed the opinion that both occurrences 
have a common origin. 

Pierce ef al. (1958) report that study by x-ray diffraction and infrared 
absorption with chemical organic analyses of various mineral oils and 
uraniferous ‘‘asphaltite” suggest a petroliferous origin for much of the 
“aslphaltite” in the western United States. 


Erickson et al. (1954) and Hail et al. (1956) have suggested that — 


uranium which is present in small amounts in crude oil tends to be con- 
centrated in the heavier, more asphaltic portion of the oil as an urano- 
organic complex and suggest crude oil as a transporting medium for 
uranium. However, analyses of many crude oil samples show only a few 
parts per billion of uranium, while in refinery residues the uranium con- 
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{tent has been found by Hyden (1956) to lie within the comparatively low 
irange of 0.33 to 1070 parts per billion. McKelvey et al. (1956) concluded 
(that it is unlikely that migrating petroleum is the source of uranium in 
{the Colorado Plateau. Kelley and Kerr (1958) have shown that an aver- 
age urano-organic ore sample from Temple Mountain represents a 
uranium concentration two million times greater than the associated 
crude oil. They have concluded that the bulk of the uranium must have 
‘been provided by hydrothermal solutions. Breger and Deul (1956) also 
[believe that water, because of its powerful solvent action, is probably the 
rmost effective medium for transporting uranium from its source to its 
eventual site of concentration in carbonaceous substances. 

The highly irregular distribution of uranium in asphaltic ore and the 
(wide occurrence of essentially non-radioactive, indurated material in the 
same localities support the conclusion that the asphaltic material is 
essentially a collector of uranium rather than a major transporting 
imedium. 


INFRARED ABSORPTION OF URANIUM-BEARING ASPHALTITE 


Infrared absorption curves have been obtained from viscous asphalt 
cand from three samples of the same material heated in an electric oven 
at temperatures of 100°, 200°, and 300° C. each for 72 hours. The asphalt 
iwas collected from fissure seepages which cut the uranium ore body in the 
[Magor mine, San Rafael Swell, Utah. 

The infrared curve of the unheated material (Fig. 1, curve No. 1) 
sshows strong absorption at 3.4 yw, 6.8 w, and 7.2 uw indicating aliphatic 
structures. It is identical in its principal absorption bands to a carbona- 
‘ceous nodule from the Seven Rivers formation, Eddy County, New 
‘Mexico (Pierce ef al. 1958, p. 193). According to Pierce et al. (1958) the 
3.4 uw band is caused by stretching by aliphatic C-H groups, while 6.8 u 
and 7.2 u indicate bending by methylene CH: groups and terminal CH; 
groups respectively. A weak absorption band at 5.8-5.9 uw indicates acid 
carbonyl (C=O) groups. Although the absorption band near 6.3 p falls 
in the region of aromatic absorption, the absence of aromatic absorption 
at 3.2-3.3 uw suggests that the 6.3 w band is largely caused by water. The 
intensity of the 2.95 uw band tends to decrease greatly by prolonged 
evacuation, indicating water. 

At 100° C. the asphaltic material shows increased fluidity compared 
to the highly viscous unheated material. At 200° C. (Fig. 1, curve No. 2) 
the major absorption peaks are essentially identical with those of the 
unheated material and the 100° C. product. Partial induration occurs at 
200° C. as indicated by an increase in viscosity and the tendency of the 
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material cooled to room temperature to fracture conchoidally. The 
average hardness of a semi-fluid tar from Temple Mountain was found 
(Kelley and Kerr, 1958) to be 3.4 Knoop after being heated at 200° Cs 
for 96 hours, and 10.7 Knoop after being heated at the same temperature 
for 142 hours. 

At 300° C. a sharp decrease in the intensities of the aliphatic absorp- 
tion bands at 3.4 u, 6.8 w, and 7.2 u takes place (Fig. 1, curve No. 3) and 
is accompanied with increased induration. The product becomes brittle, 
with a conchoidal fracture, and the infrared absorption curve becomes 
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Fic. 1. The effect of heat on the infrared absorption of asphalt. 


similar to the infrared absorption of the uraninite-bearing “‘asphaltite” 
from Flat Top Mountain and the Tomsich Mountain localities of the 
San Rafael Swell, Utah (Fig. 1, curves No. 4 and 5). The major difference 
between “‘artificial” and natural ‘‘asphaltites” lies in the presence of 
silica absorption in the 9-10 uw region caused by the presence of quartz in 
the Flat Top material and sulphur absorption near 8.9 « caused by pyrite 
in the Tomsich Mountain material. 

X-ray diffraction of semi-fluid asphalt, the heat-indurated (300° C.) 
product cooled to room temperature, and natural “asphaltite” from 
Flat Top Mountain show a single diffuse halo centered around the ‘“‘d”’ 
spacing of 4,9 A. 


— oe 


\ 


The experiment does not reveal the nature of changes during the heat- — 


ing process which resulted in the virtual disappearance of the absorption 
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bands of the semi-fluid asphalt. It is conceivable that a combination of 
evolitilization, oxidation, and polymerization takes place. 

However, the similarity between the heat-treated product of the semi- 

fluid asphalt and the natural ‘“asphaltite” in physical appearance and 
infrared absorption suggests the induration of natural ‘“asphaltites” by 
high temperatures in the range 250°-300° C. as would be expected under 
hydrothermal conditions. 
_ The effect of irradiation on hydrocarbons which causes polymerization 
and other radiation damage effects is widely recognized and may be an 
{important factor in the induration of uranium-bearing asphaltic ma- 
[terials. Pierce e¢ al. (1958) have shown that the total internal radiation 
dosage received by a number of “asphaltites” ranges from 10% to 10°? 
lectron volts per gram which corresponds to levels at which organic 
hcompounds are converted to coke in nuclear reactors. The indurated 
rmaterials reported carry uranium or thorium in ore grade value amount- 
ing to several per cent. Many natural “asphaltites,’’ however, contain 
little or no uranium, and spectrographic traces of uranium have not been 
;, Pee to produce noticeable induration in petroleum. 


THe URANIAN ASPHALTITE-COFFINITE ASSOCIATION 


The frequent association of coffinite, a uranium silicate (Stieff e¢ al., 
11955, 1956) and “asphaltite’” in many Colorado Plateau uranium de- 
‘posits is believed to provide significant information on the temperature 
‘conditions which prevailed during uranium mineralization. Stieff ed al. 
(4956) have called attention to some 40 occurrences of coffnite on the 
(Colorado Plateau and in adjacent areas. Most of these contain associ- 
ated organic material. Hydrothermal occurrences of coffinite in Colorado 
(Sims et al., 1958), and the rather restricted hydrothermal conditions 
under which coffinite has been synthesized (Fuchs and Hoekstra, 1959), 
point to coffinite as a mineral of hydrothermal origin. The range in tem- 
perature of formation for coffinite coincides with the range in tempera- 
ture at which semi-fluid asphalt becomes indurated. The similarity be- 
tween the infrared absorption spectra of natural uranium-bearing 
“asphaltite” and asphaltite indurated by heat is an additional con- 
firmatory factor. 

Mineralogical investigation of coffinite has been carried out on ma- 
terial from a number of occurrences including the original coffinite from 
the La Sal No. 2 mine, Mesa County, Colorado kindly supplied by Dr. 
L. R. Stieff of the U. S. Geologic Survey; the Jackpile mine and Section 
33 mine, New Mexico; the Green River district, and the Temple Moun- 
tain area, Utah. 
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THe SEPARATION OF COFFINITE ¢ 


Coffinite on the Plateau is found disseminated in hard “asphaltic” 


material which contains uraninite and quartz as prominent impurities. 
Those who have investigated the mineral have found it difficult to ob- 
tain even approximately pure coffinite. As a result, the literature shows 
a lack of chemical analyses of the pure material necessary to provide the 
exact chemical composition of the mineral. 

Ordinary organic solvents fail to dissolve the associated organic ma- 
terial, but heating to 410° C. for two to three days has been found effec- 
tive in removing the organic material. However, the presence of small 
amounts of uraninite and other finely disseminated uranium-bearing 
constituents in the organic complex may still cause uncertainty in the 
determination of the silica-uranium ratio of coffinite. 


X-RAY DATA ON COFFINITE 


X-ray diffraction patterns of coffinite indicate (Stieff ef al. 1956) that 
the mineral! is tetragonal with a zircon type structure. X-ray patterns for 
a number of coffinite samples using copper radiation and a nickel filter 
are shown in Table 1. The coffinite localities represented are the Jackpile 


TABLE 1. X-RAy DIFFRACTION POWDER PATTERNS OF COFFINITE 
(Copper radiation, Nickel filter) 


Cofiinite, Coffinite, Cofiinite, age ere * 
Jackpile mine, Green River, La Sal No. 2 ae srongead Ci 
hkl New Mexico Utah mine, Colorado Mountain, = aces USSEa 
Utah Colorado* 

dA I aX I aX I dA 1 dA I dA I 
(O11) 4.668 9 4.668 9 4.643 9 4.619 10 4.66 10 4.67 9 
(200) — — - — —- - oo — — — 3.86 S} 
(200) 3.470 10 3.477 10 3.464 10 3.470 9 3.47 10 3.51 10 
(OWA) ARNE t 2.785 4 2.778 4 2.78 4 2.78 4 2.814 4 
(112) 2.642 7 2.646 8 2.642 7 2.64 5 2.64 7 2.665 9 
(220) 2.453 2 2.460 3 2.440 2 2.46 2 2.46 1 2.295 &) 
(031) 2.169 2 2.174 3 2.162 3 2.169 Z 2.18 4 2.189 8 
(013) 1.999 1} 2.003 3 1.999 1 2.01 1 2.01 1 2.002 7 
(321) 1.839 2 1.850 4 1.836 2 1.835 2 1.841 4 ARIST 3 
(312) 1.799 5 1.799 4 1.793 3 1.89 7 1.801 7 1.813 9 
(123) IAs 2 1.732 3 teow. 2 Wen AR 2 TRoe 4 = = 
(400) : — -- — — -= — 1.742 4 
(411) 1.623 1 1.627 1 1.623 } eecnS 1.629 1 1.632 5 
(O04) : = = — 1.562 =) 
(420) slagsysyil 1 1.554 1 Loot 1 weak a= 12556 if = = 
(832), 1.453 1 weak 1.448b 1 weak — 1.451 1 1.449 2 
(024) 1.427 } weak ~ 1.431 4 weak -- 1.435 1 1.430 2 


So ae = 


* Stieff e¢ al., (1956), ASTM card No, 8-304. 


t Filipenko, Y, S, (1958), Interplaner spacings below 1,43A are not reproduced, 
b=broad, 
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mine, New Mexico; Green River, and Temple Mountain, Utah; the La 
Sal No. 2 mine, and the Arrowhead mine, Colorado (Stietf et al., 1956); 
and an undisclosed locality in the U.S.S.R. (Filipenko, 1958). Gomme 
i from the Jackpile mine and the La Sal No. 2 mine give relatively good 
| co ray patterns; all the reflections reported by Stieff e¢ al. (1956) are dupli- 
Kcated, and most of the lines are sharp. The two samples from Green 
iRiver and Temple Mountain, Utah give poor x-ray patterns with rela- 
‘tively low line intensities and some lines that are merged with the back- 
ground. The removal of the organic material does not improve the line 
jiintensities, although the elimination of quartz does result in a slight 
improvement. Thus it is likely that crystallite size rather than dilution 
saccounts for the poor quality of the x-ray pattern. 

Three samples of coffinite were analyzed qualitatively for heavy ele- 
i ments with the x-ray spectrograph using tungsten radiation and a lithium 
{fluoride crystal. The elements detected are shown in Table 2. It has been 


TABLE 2. X-RAy SPECTROGRAPHIC ANALYSES OF COFFINITE 


Coffinite, Jackpile mine, Coffinite, Green River, Coffinite, Section 33 mine, 
New Mexico Utah Grants, New Mexico 
U U U 
As Pb 
Fe 
Vv 


xobserved that in the x-ray fluorescence curve for coffinite from the 
|Jackpile mine, New Mexico no reflections for heavy elements ether than 
uranium are exhibited. Since this material also gives the best x-ray dif- 
fraction pattern obtained from samples used in this work, it may be in- 
ferred that arsenic, lead, iron, and vanadium noted in the other two 
hsamples are probably either absent or constitute non-essential impurities. 


THERMAL BEHAVIOR OF URANIAN ASPHALTITE AND COFFINITE 


Differential thermal analysis of coffinite-bearing “‘asphaltite” samples 
Ifrom Green River, Utah and the Jackpile mine, New Mexico show a 
}strong and broad exothermic reaction which attains a maximum at 
1480°-500° C. (Fig. 2, curves Nos. 1 and 2). This reaction is believed to 
bbe caused by the oxidation of associated “asphaltite.” The coincidence 
bof the temperature at which this reaction takes place and the tempera- 
lture at which the coffinite lattice is destroyed in air (500° C.) is probably 
haccidental. 
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Differential thermal analysis of coffinite-bearing ‘‘asphaltite” from the 
Jackpile mine in vacuum shows no reactions up to 1000° C. (Fig. 2 
curve No. 3). “‘Asphaltite’”-free coffinite obtained by roasting at 410° C. 
for three days gives no thermal reaction in air (Fig. 2, curve No. 4). The 
lattice destruction of coffinite at 500° C. was not accompanied by any 


observable thermal reaction. 


AT 


Coffinite + Asphaltite ae 
(in air) 


Coffinite + Asphaltite (in vacuum) 


3 
Coffinite (in air) 
a 
| | | | ll a 
0 100 200 300 400 500 600 700 800 900 1000 


Fic. 2. D. T. A. of coffinite samples. 


X-Ray DATA ON HEATED SAMPLES 


A sample of coffinite-bearing “‘asphaltite” from the Jackpile mine was 
heated in an electric oven for two hours at each of the following tempera- 
tures. 200, 300, 400, 500, 600, 700, 840, 960 degrees centigrade, and an 
x-ray pattern was made of each product. The patterns were taken, after 
cooling to room temperature, using copper radiation and a nickel filter. 
The small amount of quartz which was present in the sample gave per- 
sistent lines throughout the temperature range. The strongest quartz line 
at 3.349 A maintained approximately the same intensity in each pattern 
and served as a datum to which changes in the intensity of coffinite lines 
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pcould be referred. Table 3 shows the first four coffinite lines with intensi- 
\ties based on the quartz line at 3.349 A considered as 10. 

In the interval between 200° C. and 400° C. a slight decrease occurs in 
Ihe intensity of coffinite lines. There is also a slight shift of the first three 
jlines towards lower spacing values, although the significance of this shift 
fis uncertain. At 500° C. there is a pronounced drop in the intensity of 


| 
TABLE 3. X-RAy D1IFFRACTION OF COFFINITE HEATED IN AIR 
| (Jackpile mine, New Mexico) 


Intensities computed taking strongest quartz line 10 
Cu/Ni Radiation 


Unheated 200°-400° C. 500° C. 600° C. 
dA I dA I dA I dA I 
4.668 9 4.619 8 4.595 24 4.595 1 
|| 3.470 10 3.437 9 3.424 3 3.386 1 
| 3.349* 10 36330" 10 3.349* 10 3.349* 10 
2.778 4 2.761 3 2.761 Is very weak 
2.642 6 2.642 5 2.627 IS very weak 
700° C. 840° C. 960° C. U:0st 
dA I dA I dA I dA I 
4.110 1 4.110 7 4.110 8 4.110 4 
3.386 1 3.386 8 3.386 6 3.390 10 
3 .349* 10 3.349* 10 3.349* 10 
VAT 1 2.627b i 2.627 6 2.62 7 
| ~very weak lines 2.069 1 2.074 1 2.06 3 


- * Strongest a-quartz line. 
+ Milne (1951); ASTM card No. 4-0511. 
b=broad. 


Lhe coffinite lines and the three strongest lines shift toward lower d 
iwalues. At 600°-700° C. the intensity of the two strongest lines shows a 
‘urther drop, and the other lines are extremely weak; also, the first line 
Jrops to 4.110, the value for the first line of U;Os. The strongest cofhinite 
ine drops to 3.386 A at 840° C. It is noted that the three strongest coffin- 
tte lines 4.668 A, 3.470 A, and 2.642 A shift to 4.110 A, 3.386 A, and 
2.627 A values respectively, which correspond to the three strongest lines 
of the pattern for U;Os. At 840° C. the intensities of the U3Os lines in- 
trease and some additional lines are developed. At 960° C. the pattern 


developed agrees with U;Os. Gruner and Smith (1955) report that cof- 
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finite showed some decrease in cell dimensions when*heated in air at 


500° C., while virtual destruction of the lattice occurred at 600° C. 


Fuchs and Hoekstra (1959) place the stability limits for synthetic coffin- 
ite at 500° C. in air and 1000° C. in vacuum. 

In summary, the three strongest coffinite lines decrease sharply in 
intensity at 500° C. and show some shift toward the spacings of the three 
strongest U;Qs lines. The shift in spacing toward U;Qs lines is completed 
by 840° C. and is accompanied by an increase in line intensities and defi- 
nition. 


Loss oF WEIGHT AND CHANGE IN COLOR 


In a further attempt to investigate the nature of the reactions shown 
in the D. T. A. of coffinite-bearing ‘‘asphaltite,” a dried sample from the 
Jackpile mine, New Mexico was heated in an electric oven for one hour 
at each of the following temperatures: 110, 200, 300, 400, 500, 600, 700, 


Me i es 


and 960 degrees centigrade. After each heating the sample was weigned ~ 


on a sensitive balance after allowing to cool in a desiccator to room tem- 


perature. Up to 400° C. (Fig. 3) the loss of weight amounts to only two — 


per cent of the weight at 110° C. Between 400° C. and 500° C. a sharp 
drop in weight occurs. The weight at this temperature is found to be 
33.3 per cent of the weight at 110° C. From 500° C. to 960° C. the weight 
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Fic. 3. Heat effects on weight and color of coffinite. 
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Fic. 4. Infrared absorption of coffinite. 


5 essentially stable, the final weight per cent of the sample at 960° C. 
weing 33.28. Coffinite-bearing ‘‘asphaltite” from La Sal No. 2 mine lost 
«3 per cent of its weight on heating in air at 410° C. for two days. The 
iss of weight is accompanied by the evolution of CO2 and H2O caused 
wy the oxidation of the organic material. 

Color changes in coffinite-bearing samples have been observed (Fig. 3) 
iter several stages of heating. Up to 400° C. it remains black. Between 
-00° C. an 500° C. a rapid change is observed from black to gray to 
prownish-gray. At 600° C. it becomes yellowish-brown and retains this 
rolor until it becomes greenish-gray at 960° C. Similar color changes 
were observed by Stieff et al. (1956). 


INFRARED ABSORPTION OF HEAT TREATED SAMPLES 


Coffinite samples from the Jackpile mine and La Sal No. 2 mine were 
telected for infrared absorption study (Fig. 4). Curves were obtained 
oth for samples containing organic material and for samples heated at 
110° C. for two days to eliminate organic material. 

The organic-free samples showed stronger silica absorption bands 
han samples contaminated with organic material as may be observed by 
jomparing curves No. 6 and No. 7 (Fig. 4). Curve No. 6 represents or- 
anic material bearing coffinite from La Sal No. 2 mine; it shows two 
weak silica absorption bands near 9 and 11 microns. Increasing the 
hickness of the sample increases the opacity of the pellet and fails to 
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improve the absorption curves. Curve No. 7 represents coffinite from 
La Sal No. 2 mine free from the organic material; it shows two distinct 
and strong bands near 9 and 11 microns. Curve No. 6 is similar to a 
previously published curve of coffinite from the same locality by Stieff 
et al. (1956, Fig. 1, p. 687). 

In a discussion of infrared absorption by the SiO, group, Eitel (1954, 
p. 17) concludes that the active inner characteristic vibrations of the 
SiO, group (A=10-12 u) takes place at shorter wave lengths with increas- 
ing interlinkage of the SiO, tetrahedra. Quartz has a framework struc- 
ture with a maximum interlinkage between the silica tetrahedra groups 
and shows a strong absorption band which attains a maximum at 9.3 
(quartz from Herkimer County, New York, Fig. 4, curve No. 2). 

Quartz-free coffinite from the La Sal No. 2 mine shows an absorption 
band which attains a maximum at 9.2 uw corresponding to that of quartz. 
In addition, coffinite shows an absorption band at 11—11.2 u indicating 
isolated tetrahedra (Launer, 1952). 

The presence of a moderate amount of quartz as an impurity in coffin- 
ite causes an overlap of the 9-10 wu silica bands for the two minerals ~ 
which results in a broadening of the silica absorption in this region. This 
broadening effect tends to impair the resolution of the 11 « band of cof- 
finite which often shows as a flexure rather than as a distinct band (Fig. 
4, curve No. 3). Progressive removal of quartz causes a pronounced de- 
crease in the intentisy of the 9-10 uw band and the appearance of a dis- 
tinct band near 11 yw characteristic of isolated silica tetrahedra (Fig. 4, 
curves No. 4 and 5). Quartz shows two additional bands at 12.5-12.8 u 
and 14.5 w but these do not appear in quartz-free coffinite. 

The infrared absorption study of silica in coffinite points to agreement 
with the conclusion of Stieff e¢ al. (1956) on natural coffinite and with 
Fuchs and Hoekstra (1959) on synthetic coffinite that the mineral has 
isolated silica tetrahedra in its structure. 

Coffinite shows a rather broad O-H absorption band which attains a 
maximum at 2.95 w with a weak band at 3.5 uw. These two bands also 
appear in KBr blanks and quartz. Prolonged pressure at 200° C. results 
in the virtual disappearance of the bands for the KBr blanks, but does 
not eliminate them from either quartz or coffinite samples. 

A coffinite sample dried at 410° C. and another heated in air at 
750° C. for two days to insure the destruction of the coffinite lattice 
shows no difference in the 2.95 » band. This indicates that the 2.95 u 
band is probably caused by absorbed water rather than by an (O-H) 
group in the coffinite lattice. 

According to Keller and Pickett (1949) monomeric (O-H) within a 
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erystal lattice absorbs at 2.75 u, dimeric bonded (O-H) groups absorb 
at 2.85 uw, and polymeric (O-H) groups absorb at 2.95 yu. The O-H ab- 
sorption of coffinite appears at 2.95 yu, is absent at 2.75 u, and the slope 
vot the absorption curve does not show any interruption at 2.85 yu. This 
ndicates that the 2.95 w band is caused by polymeric (O-H) groups 
caused probably by absorbed water. Water in the H.O form absorbs in 
Lhe 2.8 w and 6.1 uw region, and therefore infrared absorption spectra do 
mot distinguish between mechanically trapped H20 and H.O which 
forms an integral part of the crystal as in gypsum or hydrogen bonded 
water (Keller and Pickett, 1954, p. 90). 

| A KBr disc, slightly thicker than the sample disc, placed in the path of 
[he standard infrared ray of a split beam recorder produces a negative 
HO absorption band without any interruption in the 2.8-2.95 wu slope, 
indicating the absence of monomeric and dimeric (O-H) groups and also 
indicating that the absorption band in this region is caused by absorbed 
water. The absence of thermal reactions of coffinite free from organic 
material up to 1000° C. indicates the absence of the (O-H) group from the 
coffinite lattice. Fuchs and Hoekstra (1959) found that synthetic coffinite 
foes not show any change in cell dimensions or line intensities for ma- 
‘erial heated to 1000° C. in vacuum and concluded that synthetic coffin- 
‘te is USiO, without an essential hydroxyl component. 

Natural coffinite specimens from the Jackpile mine and La Sal No. 2 
maine are believed to have no essential hydroxyl component in the struc- 
ure and in this respect are similar to synthetic coffinite. 

“Chemical analyses of natural coffinite (Stieff et al., 1956) show a lower 
iilica content than would be stoichiometrically proportional to uranium 
nn the formula USiO, and have been considered to indicate a hydroxyl 
ubstitution of silica. However, Stieff ef al. did not exclude the possibility 
that unseparated uranium oxide might account for the silica-uranium 
atio discrepancy. 


OPTICAL OBSERVATIONS 


Under the microscope the black asphaltic material is opaque except in 
-mall fragments where it is translucent dark brown. “‘Asphaltite”-iree 
-offinite obtained by heating at 410° C. for three days consists of a mix- 
jure of coffinite aggregates and quartz. Coffinite is isotropic, transparent 
reenish-yellow in small fragments and mottled translucent brown in 
hick aggregates. Intergrowth of coffinite with quartz and possibly sur- 
ace replacement of the latter may be observed in many grains. The 
eplaced surfaces of the quartz grains show parallel striations suggesting 
sreferred orientation of replacement parallel to the c-axis of quartz. The 
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precipitation of quartz with synthetic coffinite was observed by Fuchs 
and Hoekstra (1959), and coffinite from the Soviet Union has been re- 
ported (Filipenko, 1958) to be associated with quartz. 


ELECTRON MICROGRAPHS 


Small portions of ‘‘asphaltite’-free and quartz-free coffinite from the 
Jackpile mine were optically examined and then ground to minus 350 
mesh after which suspensions in collodion films were prepared for ob- 
servation under the electron microscope. Aggregates of coffinite appear 
almost opaque on the screen, but a tracing of the aggregate outlines 
taken from several electron photomicrographs indicates crystal bound- 
aries (Fig. 5). 
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Fic. 5. Crystal outlines of coffinite aggregates, traced from electron photomicrographs. 


COFFINITE AS AN INDICATOR OF HYDROTHERMAL ORIGIN 


Descriptions of occurrences and synthesis suggest that coffinite is 
worthy of consideration as a temperature indicator for Colorado Plateau 
uranium deposits. 

Coffinite has been reported (Sims ef al., 1958) associated with uraninite 


in the Copper King uranium mine, Larimer County, Colorado. The 


mine occurs near the central part of a Precambrian batholith of Silver 
Plume granite known as the Log Cabin batholith. Coffinite and uraninite 
occur along the Copper King fault and are associated with a hydro- 
thermal assemblage of vein-forming minerals such as siderite, pyrite, 
marcasite, quartz, sphalerite, chalcopyrite, and magnetite. 

In the Soviet Union coffinite has been found (Filipenko, 1958) in fis- 
sures in granite, It occurs in the form of thin lenses and irregularly shaped 
nests associated with pyrite, galena, and chalcopyrite, as well as quartz 
and several disintegration products of feldspars such as sericite and 
kaolinite. 


a 
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Fuchs and Hoekstra (1959) synthesized coffinite by a hydrothermal 
procedure. They indicate that depolymerization of the polysilicate and 
‘he formation of USiO, occurs during the heating process rather than 
turing the precipitation step and report that co- precipitation of uranium 
and silica is necessary for coffinite synthesis. They also state that coffin- 
tei is not likely to form in nature by the reaction of finely divided UO, 
ind colloidal silica. Reducing and alkaline environment were found to 
oe essential to the formation of coffinite and the temperature limits are 
Het at 200° C. to 360° C. 


CONCLUSIONS 


| The widespread urano-organic association in hydrothermal deposits 
juggests a hydrothermal source for the original uranium ions of the 
olorado Plateau deposits. 

Liquid hydrocarbons from the San Rafael Swell may be indurated 
tnder conditions of elevated temperature in the range between 200° C. 
ind 300° C. The heated products give infrared curves similar to natural 
: ranium-bearing ‘‘asphaltites’” suggesting that the natural material 
could have been hardened by the action of hydrothermal solutions. 
Polymerization caused by irradiation is recognized as a possible originat- 
ng mechanism for materials of high radioactivity. However, indurated 
¢asphaltites” low in radioactivity are abundant, and their physical con- 
ition is better accounted for by the action of heat derived from hydro- 
*hermal solutions barren of uranium. 

‘Infrared, x-ray, and D. T. A. study of coffinite indicates that the 
mineral is a uranium silicate without an essential hydroxyl component. 
Hydrothermal occurrences of coffinite and the temperature of its syn- 
ihesis suggest a special significance as a temperature indicator. 

The intimate coffinite-“asphaltite” association is not conceivable as a 
wroduct of irradiation; at the same time, the uranium silicate is a likely 
sroduct of hydrothermal action. 
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NORSETHITE, BaMg(CO;)2, A NEW MINERALE FROM THE 4 
GREEN RIVER FORMATION, WYOMING* | 


Mary E. Mrostz, E. C. T. CHAo, JosepH J. FAHEY, AND CHARLES 
Mitton, U.S. Geological Survey, Washington 25, D.C. . 
ABSTRACT 
Norsethite, BaMg(COs;)2, was found in dolomitic black oil shale below the main trona , 
bed in the Westvaco trona mine in Wyoming, associated with shortite, labuntsovite, sear- 
lesite, loughlinite, pyrite, and quartz. It also occurs there in gray shale with abundant 
shortite and northupite, some searlesite and loughlinite, in a fine-grained matrix consisting | 
essentially of quartz and pyrite. 
Norsethite occurs as clear to milky-white circular plates or flattened rhombohedral : 
crystals, 0.2-2.0 mm. across. The mineral is insoluble in water but is readily decomposed by ~ 
cold dilute hydrochloric acid. Norsethite has hardness about 3.5; density 3.837+0.005 — 
(meas.), 3.840 (calc.); luster vitreous to pearly; fracture hackly; good rhombohedral cleav- q 
age. It is infusible before the blowpipe. Norsethite is uniaxial negative, and the indices of 4 
refraction are w= 1.694 and e=1.519. X-ray crystallographic studies show that the crystals 
are rhombohedral and have the following characteristics: possible space groups, R3m, 
R3m, or R32, the most probable being R32 (D;"), a subgroup of R3c, the space group of cal- 
cite; hexagonal a=5.020+0.005 A, c=16.75+0.02; rhombohedral a,,=6.29+0.01 A, 
a= 47°02’ +05’; volume 365.6 A® (hex.); cell contents: 3[BaMg(COs)s], in the hexagonal 
unit. Crystal forms observed are ¢{10001}, @ {1120}, m {1010}, and r {1011}. The strongest 
x-ray lines are: 3.015 A (100), 3.860 (35), 2.656 (35), 2.512 (35), 2.104 (35), 1.931 (35), 
1.864 (35). 
Norsethite has a structure similar to that of calcite. The structural relations of norseth- 
ite, dolomite, and calcite are discussed. 
Chemical analysis of a 0.1 gm. sample gave: BaO 52.9, CaO 0.5, MgO 13.9, FeO 0.4, 
Mn0 0.1, COs 31.2, Na2O 0.2, SiO» 0.3, insoluble 0.4, total 99.9 per cent. 
Norsethite is named in honor of Mr. Keith Norseth, engineering geologist of the trona 
mine at Westvaco, Sweetwater County, Wyoming. 


INTRODUCTION 


4 
i 

The new mineral norsethite, BaMg(COs)2, was discovered during the ; 
investigation of the authigenic minerals of the Green River formation. 
of Wyoming, Utah, and Colorado. It occurs in microscopic quantities 
at the Westvaco trona mine which is about 18 miles west of Green 
River, Wyoming. So far, norsethite has not been found at any other | 
Green River locality. 

The specimens that contained the crystals of norsethite were collected 
by Charles Milton who first observed this new mineral and named it in _ 
honor of Mr. Keith Norseth, engineering geologist at the Westvaco 
trona mine, in grateful acknowledgment of his friendly assistance in the 
mineralogical studies of these authigenic minerals. 


Publication authorized by the Director, U. S. Geological Survey. 
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OCCURRENCE OF NORSETHITE 
Norsethite first was observed as clear to milky-white plates flattened 
sarallel to the basal pinacoid (Figs. 1 and 4) in the dolomitic black oil 
‘hale which underlies the main trona bed at the Westvaco trona mine in 
Wyoming. There the mineral has been found associated with short- 
te [NasCae(COs)l, labuntsovite [(Na,K)2(Ba,Mg)(Ti,Al,Fe,Nb) 2SisOn 
(OH)«], searlesite [NaBSi2Os-H2O], loughlinite [Na»Mg;Sis015-8H20], 
vyrite, and quartz. Norsethite also occurs at the Westvaco mine in a 
tray shale that consists largely of quartz and a small amount of py- 
fite; the associated minerals are abundant shortite and northupite 
NasMgCl(COs)2], and lesser amounts of searlesite and loughlinite. The 
water-insoluble residue of trona core from an unknown depth, drilled 
n the area of the Westvaco trona mine, yielded discoid masses of 
(orsethite (Fig. 2). In addition, good crystals of the type shown in Figs. 
| and 3 were obtained from the waste sodium-carbonate ‘‘mud”’ dis- 
harged from the soda-ash processing plant at Westvaco, along with py- 
t te, shortite, dolomite, calcite, labuntsovite, barytocalcite [CaBa(COs)sl, 
tucosphenite [Na;CaBaBTi;Sij09], and witherite [BaCOg]. 

| Thus far, norsethite has not been found in the dolomitic oil shales of 


i 
Jtah or Colorado. 


MINERAL SEPARATION 


- Norsethite crystals were isolated from the rock specimens, the trona 
yore, and the waste sodium-carbonate “‘mud”’ by heavy-liquid separation 
bromoform), followed by hand-picking under the binocular microscope. 
4ssociated with norsethite in the waste “mud” were crystals of baryto- 
alcite and witherite, nearly identical in habit with those of norsethite. 
Jorsethite could not be distinguished readily from barytocalcite and 
iritherite by means of indices of refraction, or by specific gravity, since 
tierici solution attacks carbonates. It was necessary to check each indi- 
dual crystal of such habits under the microscope; norsethite is uniaxial 
wegative, whereas barytocalcite and witherite are both biaxial negative 
ith small 2V. 

The material submitted for the chemical analysis (0.1 gm.) was ob- 
ained from a single specimen of dolomitic shale which was free from 
arytocalcite and witherite. In this instance only bromoform separation 
ras required. 


PHYSICAL AND OPTICAL PROPERTIES 


| Norsethite occurs as clear to milky-white circular plates or flattened 
nombohedral crystals with diameters ranging from 0.2 to 2.0 mm. 
Figs. 1-4). Some crystals, as well as irregular grains, show corrugated 
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flattened edges; the thick corrugated grains are pumpkin-shaped. 
ne mineral has a vitreous luster, a hackly fracture, and good rhombo- 
edral cleavage {1011}. Its hardness is about 3.5. Norsethite is insoluble 
water but is readily decomposed by cold dilute hydrochloric acid. It 
infusible before the blowpipe. The specific gravity, determined on 
nall crystals of norsethite on the Berman microbalance, using toluene 
the immersion liquid, is 3.837+0.005 (an average of six different de- 
rminations); for large crystals, 3.810+0.005; the calculated specific 
iavity is 3.840. Most of the crystals of norsethite that were examined 


| Fic. 5. X-ray powder photographs (Cu Ka radiation). (above) Calcite, Westvaco trona 
ae, Sweetwater County, Wyoming. (middle) Norsethite, Westvaco trona mine. (below) 
dlomite, Binnental, Switzerland. 


>der the microscope showed fluid inclusions or cavities; some appear as 
annels normal to, and in between, the rhombohedral faces, as shown in 
3. 1 and 4. The presence of cavities and channels in the large crystals 
idoubtedly accounts for the difference between the observed and calcu- 
-ed values. 
Optically, norsethite is uniaxial negative. The mineral is colorless in 
tnsmitted light. The indices of refraction were determined by the im- 
rrsion method using sodium light and were corrected to 25° C. The 
-or of measurement probably is not greater than +0.001; w= 1.694 
id e=1.519; A=0.175 (Na). 
(The rule of Gladstone and Dale [(~—1)/d=K] was found to hold 
(prisingly well for norsethite. Norsethite with @=s-00l (meas. ) and 
=(.16632 (based on the recalculated chemical analysis in Table 3) 
ves dK+1=1.638 for the calculated mean index and (2w+e)/3= 1.636 
the measured mean index. 
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CRYSTALLOGRAPHY 


Mor phology 

The faces on the well-formed crystals of norsethite gave only fair sig- 
nals on the optical goniometer. The forms observed were identified 
readily from goniometric measurements correlated with the single-crystal 
x-ray results. The morphology of the largest crystals measured (averag- 
ing 1.0 mm. in diameter) consists only of a well-developed base {0001} 
and the rhombohedron {1011}. The small crystals (less than 0.5 mm. in 
diameter) showed, in addition, the first order prism {1010} and the 
second order prism {1120}, as very narrow faces. 

The notable absence of a bipyramidal form on any of the numerous 
crystals examined made it impossible to determine the crystal class from 
morphological considerations alone. The crystals are holohedral in habit. 
They gave no positive piezoelectric response on the Giebe-Scheibe appa= 
ratus. This evidence would suggest that the crystal class is either rhom=_ 
bohedral (3) or scalenohedral (32/m). Both these possibilities were elimi-_ 
nated and the crystal class was established as trigonal-trapezohedral (32) 
from a consideration of the space group criteria and the structural rela~ 
tion of norsethite to calcite (see discussion on page 426). 


X-ray powder data 


An x-ray powder diffraction pattern of norsethite (film no. 11793) was” 
taken in a 114.59 mm. diameter Debye-Scherrer camera with nickel 
filtered copper radiation (A= 1.5418 A), using both the Straumanis and 
Wilson techniques (Fig. 5). Film measurements were corrected for shrink- 
age. All interplanar spacings and intensities for the observed lines are. 
given in Table 1, column 2. The intensities were estimated visually by 
comparison with a calibrated intensity strip. Interplanar spacings were 
calculated from the «-ray cell constants down to a value of djx..=1 005, 
A on a digital computer using a program developed and carried out by. 
Daniel E. Appleman. All calculated spacings for d;% :> 1.000 A for norse- 
thite are listed in Table 1, column 1. 


a re 


Single-crystal x-ray data 


A thin, tabular, hexagonal-shaped crystal of norsethite (approxi- 
mately 0.5 mm. in diameter) was examined by the Buerger precession 
method. A quartz-calibrated precession camera was used with zit 
conium-filtered molybdenum radiation (A=0.7107 A) to obtain th 
hO-1, h1-l, hk-O, hk-1, and hh-l net planes. These photographs estab- 
lished the lattice as rhombohedral and, together with the film measure 
ments (corrected for horizontal and vertical shrinkage), led to the cry: 
tallographic data given in Table 2. 
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TABLE 1. CoMPARISON OF X-Ray PowpDER DATA FoR NORSETHITE, 
DOLomItTE, AND CALCITE 


t 
| 
| Norsethite, BaMg(COs)2 Dolomite, CaMg(CO;), Calcite, CaCO: 
| Westvaco trona mine, Ross Township, Gurheti ee 
| ; eae Haley, Ontar Mpe en 
| Sweetwater Co., Wyoming Wa. 10 Swanson and Fuyat 
| Present Study Howie and 1953 
| Broadhurst, 1958 
(1) (2) (3) 
Calculated* Measured» Measured¢ Measured¢ 
hkl dirt dhe. I dit I dik. I 
00.3 5.583 5.584 25 
10.1 4.208 4.210 30 4.025 3 
OIE 2 3.859 3.860 35 3.690 S 3.86 12 
| 10.4 3.016 3.015 100 2.886 100 3.035 100 
| 00.6 2. VD 2.795 3 2.670 10 2.845 3 
1 01.5 2.654 2.656 35 2.540 8 
| 11.0 2.510 SM) 35 2.405 10 2.495 14 
Vet. 3 2.289 2.290 25 2.192 30 D.NSS 18 
| 02.1 DISS 2.154 25 2.066 15 
Eos Fie 2-104 35 2 ONS) 15 2.095 18 
(02.4 1.929 1.931 35 1.848 5 1.927 5 
{01.8 1.886 1.890 25 1.804 20 1.913 vi 
ja .6 1.867 1.786) 1.875 1 
(00.9 1.861 1.864 $9 (ete oe 
20.5 1.824 1.824 3 
tea 1.635 1.636 6 1.567 8 1.626 4 
22 1.612 
eee 1.600; | 2 o2 : 
10.10 1.563 1.563 6 1.496 2 1.587 Dy 
21.4 530 1.530 5 1.465 5 iL SYS) 5 
20.8 1.508 1.510 6 1.445 4 1.518 4 
41.9 1.495 1.496 6 1.431 10 WW yl(0) 3 
2.5 1.475 1.475 9 1.413 4 1.473 2 
( 03.0 1.449 1.448 9 1.389 15 1.440 5 
(1.11 1.437 1.437 2 
3 1.403 | 1.404 6 
(00.12 1.396 1.398 6 1335 8 1.422 3 
PALG S55) il S35X6) 9 il 2Ow 4 1.356 1 
02.10 1327 1.328 9 1.269 4 1.339 2 
ES 1.293 1.295 9 1.238 5 1.297 y 
mc) 1.286 | 1.286 9 1.284 1 
22.0 1255 1.256 6 1.202 3 1.247 1 
20.11 1.247 1.248 4 
10.13 1-235 1237) 3 
a3 1.224) | 4-959 9 1.168 4 1.235 2 
12 1.220f 
1. 1 1.203 1.203 3 


-* Calculated from cell data for norsethite given in Table 2. ; fe 5 
» Film corrected for shrinkage. Camera diameter, 114.59 mm. CuK, radiation, Ni 
ter (A= 1.5418 A). Lower limit 26 measurable, approximately 7.0° (12.6 A). 
© Powder data obtained on diffractometer with CuK, radiation. 
4 Pattern made with a high-angle Geiger-counter,spectrometer, using a sample of 


ceptionally high purity. CuK g radiation (A= 1.5404 A at 26° C.). 


(Continued on next page) 
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TABLE 1 (Continued) 


Norsethite, BaMg(COs). pS Calcite, CaCO; 
Westvaco trona mine, Hale vi 3 ee Synthetic 
Sweetwater Co., Wyoming tik ae Swanson and Fuyat, 
Present Study Broadhurst, 1958 1953 
(1) (2) (3) (4) 
Calculated* Measured” Measured® Measured! 
hk. dhk.1 dhk.t I dnk.t I dak.t I 
Sully T2193 1.193 4 1.144 2 
PAN AN) ibsalyss L733 4 12423 SI 1.1795 3 
Bee 1.159 1.160 9 —* dels fo" 2 
01.4 WeiGet Al saloye 3 
26 ie val 
03.9 1.144 1.144 4 1.096 3 
30.9 1.144] 
Sul) 12135 Ue Thess 6 
a 1.117 1.119 3 1.068 1.1244 <1 
02513 1.108 1.108 3 
40.1 1.084 1.086 3 
04.2 1.078 zs 
1jaget O77) 180! 6 
40.4 1052 1.051 3 1.008 4 1.0473 3 
20.14 1.048 1.046 6 1.0613 1 
Silees 1.042 , 1.001 5 1.0447 4 
27.07 1041 1,082 : 
04.5 1.034 1.033 3 
ileal) 1 020 1.020 4 
10.16 1.018 1.015 3 0.9735 3 1.0352 2 
21.13 1.014 de | 1.0234 S| 
foe 1.005 1.006 6 0.962 5 1.0118 2 
0.9893 S 0.949 1 0.9895 <i 
0.9799 3 0.930 1 0.9846 1 
0.9717 6 0.926 3 0.9782 1 
0.9683 (6) 0.923 3 0.9767 3 
0.9559 5 0.913 1 0.9655 2 
0.9499 3 0.909 2 
0.9469 3 0.903 1 
0.9343 4 0.894 2 
0.9223 3 0.835 4 
0.9117 3 0.821 My 
0.9017 4 
0.8989 6 
0.8961 3 


* This line was obscured by a line of the Si standard. 
Structural relation to calcite and dolomite 


A search of Crystal Data (Donnay and Nowacki, 1954) showed that 
dolomite [CeMg(COs)s] and calcite [CaCOs] have c/a ratios remarkably 
close to that of norsethite [BaMg(COs)9]. This, coupled with the fact 
that these three minerals have remarkably similar crystallographic data 
(Table 2) as well as physical and optical properties, strongly suggested 
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that norsethite must be a member of the same structure group as dolo- 
faite and calcite. Comparison of the x-ray powder films (Fig. 5) and the 
sowder diffraction data (Table 1) for the three minerals indicated a 
trong structural resemblance between norsethite and calcite (space 
jroup R3c), and between norsethite and dolomite (space group R3). 

_ The Buerger precession photographs of norsethite indicated only three 
hossible space groups for the mineral: R3m, R3m, or R32. Neither R3m 
or R3m is a possible sub-group of R3c or of R3. Since evidence indicates 
ihat norsethite has a structure similar to that of calcite, and since R32 
b the only one of the three possible space groups for norsethite which is 
«sted as a sub-group of R3c (the space group of calcite), it follows that 
ihe space group of norsethite must be R32. 

| In order to elucidate the relation of the norsethite structure to the 
jalcite and dolomite structures, a determination of the structure of 


ae has been undertaken and will be published in detail at a later 


ate. 


| 
TABLE 2. COMPARISON OF CRYSTALLOGRAPHIC DATA FOR NORSETHITE, 


DOLOMITE, AND CALCITE 


iineral Norsethite Dolomite Calcite 
uocality Westvaco mine, Sweet- Ross Township, Ha- Synthetic 
water Co., Wyoming ley, Ontario 
Reference Present Study Howie and Broad- Swanson and Fuyat, 
hurst, 1958 1953 
svmmetry Hexagonal-R; trapezo- Hexagonal-R; rhom- Hexagonal-R; scale- 


hedral-32 bohedral-3 nohedral-32/m 
“ell Constants ' : 
a 5.020+0.005 A 4.810+0.002 A 4.989 A 
¢ 16.75 +0.02 16.02 +0.001 17.062 
c/a 3.337 37350 3.420 
Orn 6.29 +0.01 A 6.020 A 6.375 A 
a 47°02’ +05’ 47°07! 46°04! 
space Group R32 R3 R3¢ 
Tolume (hex.) 365.6 A’ 321.0 A’ 367.8 AS 
sell Contents (hex.) 3[BaMg(COs)o] 3[CaMg(COs)2] 6[CaCOs] 
Jensity (calc.) 3.840 DeSiQe De fla 
(obs.) 3.837 40.005 2.86* — 


* Quoted from Zen (1956). 
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CHEMISTRY ; 


Except for the determination of COs, the classical procedures of 
Hillebrand ef al. (1953) were followed in the chemical analysis of norseth- 
ite which was made on a 0.1 gm. sample obtained from a single speci- 
men. Carbon dioxide was determined volumetrically by measuring the 
gas evolved when the sample was treated with (1+3)HCI and, after 
reducing to standard conditions, applying the factor to convert volume of 
CO, to mass (Fahey, 1946). 

The quantitative spectrographic analysis for minor elements in 
norsethite, cited below, was made by Harry Bastron of the U. S. Geo- 
logical Survey: 


Ca 0.40 Sn 0.002 
Na 0.2 Ti 0.001 
Fe 0.15 Cu 0.0005 
Mn 0.049 (Ors 0.0004 
Sr 0.022 Be 0.0002 
Al 0.016 


Looked for, not found: Ag, Au, Hg, Ru, Rh, Pd, Ir, Pt, Mo, W, Re, Ge, Pb, As, Sb, 
Bi Te; Zn, Cd, Vl In. Con Niev, Ga, sc, ¥, Vb, Ga Zr, PhoNby fa, Usa bandera 


The chemical analysis of norsethite is given in Table 3. The formula 
derived from this analysis is BaMg(COs)2. The recalculated chemical 
analysis is in good agreement with the theoretical composition. 


TABLE 3. CHEMICAL ANALYSIS OF NORSETHITE, BaMg(COs)2 
Analyst: J. J. Fahey 


Determined R Molecular | Theoretical 
Per Cent ecalculated Ratios Composition 

BaO 52.9 53.5} 54.44 
CaO 0.5 0.5) E00 
MgO 13.9 - 14.31 
FeO" 0.4 0.4 1.00 
MnO 0.1 0.1 | 
CO, Sie SHES) 2.01 3125 
Na,O» 0.2 
Si02° 0.3 
Insol.¢ 0.4 
Total 99.9 100.0 100.00 


“ Total iron as FeO. 

» Determined spectrographically by Harry Bastron. 
© Soluble in (1-++3)HCL. 

4 Insoluble in (1-+3)HCLI. 
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Using the measured specific gravity determination of 3.837, the chemi- 
‘al analysis in Table 3, and the cell constants for norsethite, the experi- 
mental molecular weight of the unit cell is 844.6. The calculated cell 
contents approach very closely the formula 3[BaMg(COs),]. 
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AN OCCURRENCE OF SAPONITE NEAR SILVER BAY, MINNESOTA =~ 


J. A. WHELAN, Dept. of Mineralogy, University of Utah. 
H. Lepp, Dept. of Geology, University of Minnesota, Duluth Branch. 


INTRODUCTION 


Saponite and saponite-like minerals (thalite) were described from the 
flows of the north shore of Lake Superior by some of the first geologists 
in the area (Winchell, 1900). These minerals subsequently escaped at 
tention until 1954 when a high concentration of a white clay mineral was 
discovered in altered basaltic flows during the construction of the Re 
serve Mining Company’s taconite plant at Silver Bay, Minnesota. This 
clay mineral was first definitely identified as saponite by Whelan at the 
University of Minnesota, utilizing x-ray diffraction. 

Following the discovery of the saponite near Silver Bay, field work by 
Lepp showed that saponite is acutally a common minor constituent of 
the Keewanawan flows of the north shore of Lake Superior. The saponite 
occurs in amygdules and in fracture zones in these volcanics. It varies 
in color from white to tan to light green and is usually associated with 
one or more of the zeolites, and with calcite and quartz. Its occurrence as 
a lining or rim in certain amygdules suggests that it may be an alteration 
product of one or more of the zeolites. 

The laboratory work described in this paper was done by Whelan at 
the University of Utah. The mineralogic and chemical analyses re 
ported herein were all conducted on saponite from the Silver Bay lo 
cality, because this was the best source vi pure material. 


OPTICAL AND PHYSICAL PROPERTIES 


The saponite is white but is sometimes stained to a very light tan. It 
has a soapy feel and a hardness of two. Its specific gravity, as determined 
with a Berman microbalance, is 2.10+0.02. While crushing saponite 
fragments for laboratory studies, several were found to contain round, 
frosted, quartz fragments up to 1 mm. in diameter. These were removed 
by hand-picking. The crushed and ground saponite contained less than 
two per cent impurities, chiefly on unidentified tabular mineral, barely 
visible under high magnifications. The saponite is anisotropic with a 
mean indew of refraction of about 1.49 and moderate birefringence. It 
exhibits a radial fibrous to matted fibrous habit under the petrographic 
microscope and an irregular habit under the electron microscope. 
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| 
| X-RAY DIFFRACTION DaTA 
| 
| 


The saponite was first identified from a powder photograph taken at 
lhe University of Minnesota. Later work was done at the University of 
tah with a Norelco high-angle diffractometer utilizing CuK, radiation. 
A depression mount was used to hold the sample. The data from the 
innesota saponite, together with a pattern of saponite from Cathkin 
ie Glasgow, Scotland (Faust and Murata, 1953) are given in Table 1. 


. 


“‘reatment of an oriented smear with ethylene glycol expanded the basal 
001) refraction of the Minnesota saponite to 18.0 A. 


a (OONEEZOONNS 008 400 500 600 700 800 900 1000 
TEMP. °C 


Fic. 1. DTA curve, Silver Bay saponite. 


This saponite would have an approximate structural formula of 
Ags oAlo.6Siz.4010(0H)2:nH,O, X=0.6. The analyses indicate that cal- 
jum is the exchangeable interlayer ion. 


DIFFERENTIAL THERMAL ANALYSIS 


The DTA curve of this saponite is shown as Fig. 1. The first endo- 
hermic reaction (175° C.) represents the loss of interlayer water. The 
econd endothermic reaction (310° C.) probably represents the loss of 
rater coordinated around interlayer ions. This reaction occurs at a 
igher temperature than is usual for montmorillonite-type minerals. 
Jsually the loss of coordinated water is represented by a break on the 
igh temperature side of the first endothermic reaction. The two low 
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temperature endothermic reactions make the DTA curve of this saponite 
similar to curves of vermiculite (Grim, 1953, p. 199). Several runs were 


TABLE 1. X-Ray PowpER DATA FOR SAPONITE DRIED AT ROOM TEMPERATURE 
(Cu/Ni; 1.5418 A) 


Saponite, Cathkin near Glasgow, Scotland 


Saponite, Silver Bay, Minnesota @Panst awd. Murty. 1059) 


d(A) I* Notes d(A) I Notes ee 
15.0 100 14.8 vs (001) 
Heft) m Broad (002) 
4.93 54 5.14 m Broad (003) 
4.58 100 4.59 ms Broad (110) (020) 
4.34 vvi 
sera 32 3.79 vw (004) 
3.04 88 3.09 m (005) 
2.969 90 
2.660 2.613 m 
96 Broad Band 2.545 m Diffuse (200) 
2.436 
2.287 28 
2.136 20 
1.875 20 1.852 vvi 
1.725 28 1.747 W (150) 
1.703 w (310) 
1.670 12 
1.599 8 
1.530 10 1.543 s Broad (060) 
1.498 vvvi 
1.423 8 1.458 vyvi 
1.361 20 
1.326 1.327 m Broad (260) 
40 
iLgenlil 
1.278 vvvi Broad (400) 
0.999 vvvi Diffuse 
0.890 vvvi Broad (550) (390) 


* Intensities of 00/ reflections based on oriented aggregates. 


CHEMICAL COMPOSITION 


A spectrochemical analysis was made with the following results: 
Major: Mg, Si, Al, Ca. 
Minor: Fe, Mn. 
Trace: Co, Ni (Determined semiquantitatively as 0.04%). 
Not Found: Sb, As, Ba, Be, Bi, B, Cd, Cr, Cb, Cu, Ga, Sn, Ti, W, V, Zn, Zr. 


A partial wet analysis is given in Table 2. 
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TABLE 2. CHEMICAL ANALYSES 


| ‘ p Thalite, Knife River, Minn 
Silver Bay Saponit , , ; 
Serban te ls (Winchell, 1900) (P-168) 


SiO. 42.8 42.38 
| AlO3 6.2 Si 
| MgO 25.2 23.29 
| Cad 4.9 5.82 
| Loss on ignition+120° C. 9.1 7.80 
|. * H.O- eS 10.38 

Fe (total) 0.35 Fe.0; 2.65 

K;,0 0.19 
Na.O 0.36 
Total 100.45 99 .94 


| 
| 
imade to determine if impurities were responsible for the 310° C. re- 


ection. Impurities were not the cause, as this reaction was reproducible 
oth as to temperature and size in samples over 98 per cent saponite. 


Analyst: Lester Butcher. 


! 


INFRARED ABSORPTION SPECTRUM 


The infrared absorption spectrum was determined on a Perkins Elmer 
‘Lodel 21 double-beam spectrometer with a NaCl prism. One mg. of 
ponite per 400 mg. infrared grade potassium bromide was used for 
disks. The spectrum is not definitive. Bands are as follows: O-H stretch, 
£0; O-H bend 6.18; and broad silicate bands at 9.7 and 10.25. This 
spectrum is generally comparable to those of other montmorillonite-type 
minerals. 


SUMMARY AND CONCLUSIONS 


Saponite of the composition Mgs oAlo.6Siz.sO10(OH)2:nH2,0, X=0.6, 
a /2, occurs in the Keweenawan basalt flows at Silver Bay and elsewhere 
klong the north shore of Lake Superior. Its fibrous habit indicates that 
t may have formed by the alteration of a fibrous zeolite. 
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SIX-LAYER ORTHO-HEXAGONAL SERPENTINE 
FROM THE LABRADOR TROUGH 


Epwarp J. OLsEN, Chicago Natural History Museum, Chicago, Illinois. 


Brindley and von Knorring (1954) described a new variety of ortho- 
antigorite from Unst in the Shetland Islands. In an x-ray powder pat- 
tern the mineral is characterized by a band of eleven closely spaced lines 
with the band head at (020). These lines indicated a superstructure pa- 
rameter in either the x or z direction. By analogy with synthetic 6-layer 
Ge analog of serpentine prepared by Roy and Roy (1954), Zussman and 
Brindley (1957) re-indexed the pattern on the basis of a 6-layer ortho- 
hexagonal cell (¢=43.59 A) and demonstrated excellent agreement be- 
tween calculated and observed d-values. The new polytype was called 
6-layer ortho-hexagonal, or Unst-type, serpentine. Additional occur- 
rences of this mineral are rare. Gillery (1959) reported 6-layer mixed 
with 1-layer serpentine from films supplied by W. S. Bailey, University 
of Wisconsin. 

In 1957, during the course of an investigation of the serpentinized 
ultramafic sills along the eastern side of the Labrador Trough (Quebec- 
Labrador), the writer collected unusual serpentine material which was 
subsequently identified as the Unst-type. 


OcCURRENCE 


The occurrence is located 3.5 miles east of Thompson Lake at 
55°20’ N., 66°10’ W. Thompson Lake is 45 air miles northeast of the 
town of Knob Lake, Quebec-Labrador. The mineral occurs in veins cut- 
ting a serpentinite sill. The vein material is naturally broken up into 
conchoidally fractured, potsherd-like pieces. It is dull dark green on the 
fresh surface and completely grainless, texturally resembling flint. It is 
monominerallic and free of even the usual magnetite impurity of the 
serpentinites. The sill is an altered wehrlite (olivine-clinopyroxene) 
which has been largely converted to antigorite, chrysotile and tremolite, 
with remnants of chrysolite and diopsidic augite. Both the sill and the 
surrounding country rocks (metasediments and metavolcanics) have 
mineralogies consistent with the epidote-amphibolite facies. 


4 OPTICAL 


In thin section, with transmitted light, the vein rock is medium green. 
The grain size is too small to be clearly resolved and interference figures 
are unobtainable. The birefringence appears to be of the order of 0.003. 


| 
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[It looks quite similar to the petrographically recognized ‘“mineraloid” 
ncalled serpophite (Lodochnikov, 1936; Kerr, 1959, p. 415). Crushed 
fragments immersed in oil showed a fair match around 1.565. Each frag- 
ment, of course, consisted of an aggregate of minute grains. 


CHEMICAL 


| An analysis of the mineral is given in Table 1. Zussman (1956), 
Brindley (1954, 1956), and Brindley and von Knorring (1954) have al- 
iready noted the difficulties in assigning a structural formula to the Unst- 
‘type serpentine. A variety of forms are possible depending on the assump- 
‘tions used. Without going further into the matter, the structural formula 
below was calculated on the basis of 18 oxygens which is a standard first 
approximation and serves for comparison. 

{Mgs.277Mno.o04F'€0.101F €0.2s8CT0.003Alo 064Nao.031T io. 005 | 5.734 atoms 
[Sis.611Alo.ss0] 4 atoms 


[Oo.373(OH) s.¢27| 18 atoms 


For purposes of computation all R2O was calculated as Na20.) 

This formula is similar to the 18-oxygen formulae of Brindley and von 
‘Knorring (1954) in the following respects: the silicon ion content is be- 
ow, and the hydroxyl ion content above the ideal proportions by 
amounts larger than analytical error; the octahedral total is below the 
ideal value of 6. In contrast, the Thompson Lake sample is much higher 
im total R2O; than the analyzed samples from Unst. 

- Gillery (1959) made a hydrothermal study of Mg-Al serpentines and 
chlorites. His starting gels were mixed according to: (6—x)MgO, 
xAl,03, (4—x)SiOv, 4H2O. Fibrous serpentines lie between x=0 and 
x=0.24 (approx.). Natural platy serpentines are stable between x=0.24 
and «=0.50. Above 0.50 chlorite is stable, though 1 and 6-layer serpen- 
iines may form metastably as transient phases. On the basis of Gillery’s 


TaBLe 1. CHemicaL ANALYSIS OF 6-LAYER SERPENTINE, 
THOMPSON LAKE, QUEBEC-LABRADOR 


SiO» 38.50 Na,O| on 
TiO, 0.07 K,0 f 

AlOs 4.09 H.O+ 13.79 
Fe.03 3,58 H,O- 0.94 
FeO 1.29 CO» 0.00 
MnO 0.05 CrOs 0.05 
MgO 37.75 — 
CaO 0.00 Total 100.22 


Analyst: Dr. H. B. Wiik, Helsinki, 1960. 
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diagram (Fig. 1, p. 149) the Thompson Lake sample lies at x=0.35 
R.O;. With respect to the 18-oxygen formula given above the partition 
of trivalent ions between tetrahedral and octahedral positions is 0.39 and 
0.32, respectively. Gillery’s formula ideally implies equality between 
these two positions. 

It is puzzling that the analyzed Unst samples (Brindley and von 
Knorring, 1954) give values of x at 0.11 and 0.12 R2O;, which places 
them in the field of fibrous serpentines on Gillery’s diagram. However, 
Gillery examined compositions at x=0 and «=0.25 and none between. 
He based his break between fibrous and platy forms (approx. 0.24) on 
the statement of Nagy and Faust (1956) that analyses in the literature 
show that fibrous polytypes may carry up to 2.9+1.9% R:O;. However, 
the very careful analyses of Kalousek and Muttart (1957) give average 
Al,O3 at 0.23+0.12% and Fe2O3 at 0.67+0.41%. These percentages 
indicate a maximum x-value around 0.06 R2O; for their data on fibrous - 
serpentine. Kalousek went to great pains to purify his sample from oxide 
impurities. The writer has often observed opaque grains in thin sections 
where the grains were barely resolvable specks of dust size. It is likely 
that contaminants were present in many of the older analyses, such as 
those referred to by Nagy and. Faust. On this basis it is suggested that 
the break point between fibrous and platy polytypes might more prop- 
erly lie around x=0.10 R2O,. This would place the platy Unst minerals 
in the appropriate field. 


POWDER DIFFRACTION DATA 


The diffraction pattern of the Thompson Lake serpentine was made 
on a Norelco powder camera (114.5 mm.) using filtered FeKa radiation, 
and repeated on a General Electric XRD-5 diffractometer using filtered 
CuKa radiation. The observed data given in Table 2 were made from 
the film measurements. Forty-three lines were observed; however only 
the first thirty-five are reported in order to compare them with the data 
of Zussman and Brindley (1957). 

The spacings are closely comparable to those of Zussman and Brindley 
(1957) with less than 0.5% difference between their observed values and 
those found for the Thompson Lake sample. However, the spacings 
(006), (025), (00,12), (02,13) and (00,18) show differences of 0.82%, 
2.00%, 0.93%, 2.24% and 0.50% respectively. All these differences, 
except (02,13), are in the direction of being shorter than the observed 
spacings in the Unst sample. Although no consistent pattern is followed 
throughout the data, they do suggest that (00/) spacings, at least, re- 
flect the differences in composition between the two samples. Gillery 
(1959) noted that the basal spacing in 6-layer serpentine decreases with 


é 
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TABLE 2. X-Ray PowpER Data 


| Unst (Zussman & Brindley, 1957) Reo ae &y 
| (hkl) 
| dove. deate a 1%, dope. T/Iy 
lf 7.33 7.265 100 127 100 006 
| | 4.597 4.610 60 4.581 50 020 
| 4.403 4.393 10 4.420 10 023 
4.250 4.245 10 4.271 10 024 
| 4.088 4.075 10 4.006 10 025 
3.903 3.892 1 3.892 1 026 
| 3.662 3.632 100 3.628 70 00, 12 
|= 3.528 3.519 1 3.517 1 028 
be 3.348 3.338 1 3.339 1 029 
fees. 172 3.167 1 3.167 1 02, 10 
im 3.015 3.005 1 3.019 1 02, 11 
| 2.865 2.853 1 2.851 1 02, 12 
| 2.720 eile 1 278 1 Q2515 
2.623 2.618 30 2.624 30 203 
2.502 2.499 100 2.503 80 206 
2.450 2.458 10 2.449 1 02, 15 
2.425 2.422 10 2.413 5 00, 18 
2.335 2.332 70 2.334 40 209 
2.149 2.147 60 2.147 30 20, 12 
1.9629 1.9626 70 1.9597 40 20, 15 
1.8154 1.8162 1 1.8090 1 00, 24 
- 1.7905 1.7911 10 1.7845 10 20, 18 
= 1.7392 1.7424 10 1.7400 10 310 
1.6360 1.6368 40 1.6331 20 20, 21 
1.5354 1.5367 80 1.5399 60 060 
1.5013 1.5033 70 1.5048 30 20, 24 
1.4520 1.4530 1 1.4480 1 00, 30 
1.4148 1.4152 20 1.4154 10 06, 12 
1.3793 1.3803 20 1.3750 10 20, 27 
1.3271 1.3252 10 1.3290 5 403 
1.3092 1.3090 50 1.3119 20 406 
1.2958 1.2975 4 1.2975 1 06, 18 
1.2832 1.2832 1 1.2846 1 409 
1.2759 1.2752 1 1.2720 1 20, 30 
1.2100 1.2108 10 1.2105 5 00, 36 


increase in x-value and increase in pressure. He explained the dependence 
of basal spacing on Al (or Fe’’’) substitution on the basis of the higher 
electrostatic charge of opposite sign created by equivalent substitution 
in the 6 and 4 coordination layers. 

Gillery makes a distinction between two types of 6-layer structure: 
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6(3) type with 7=2n usually more intense than /=2n+1; 6(2) type with 
/=3n usually more intense than /=3n-+1. Examination of the observed 
intensities for the Thompson Lake sample fixes it as a 6(2) type, which 
is also true of the Unst sample. 

Although the relative intensities fit this scheme, the Thompson Lake 
sample gives an overall lower intensity pattern than the Unst sample, 
when (006) is set at 100. This difference may be more apparent than real, 
and can represent differences in sample handling, equipment and degree 
of preferred orientation in the powder. 


CONCLUSIONS 


The formation of 6-layer serpentine is apparently not a function of 
trivalent substitution alone. However, compositional data are somewhat 
scanty at present. It is suggested that the division between fibrous and 


platy serpentines may lie around 0.6% R2Os; (in the analysis) rather 
than around 4.5% as suggested by Gillery (1959). The ‘‘mineraloid,” 
serpophite may be 6-layer serpentine, at least in part. 

The writer wishes to acknowledge the assistance and comments he 
received from Dr. J. R. Goldsmith, Mr. D. Northrup, Dr. G. W. Brind- 


ley, and Dr. H. B. Wiik. 
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THE GROWTH AND PROPERTIES OF COLORED QUARTZ 


A. A. BALIMAN, Bell Telephone Laboratories, Incorporated, 
Murray Hill, New Jersey. 


_ Hydrothermal crystal growth refers to the use of aqueous solvents at 
‘igh temperatures and high pressures to affect the solution and re- 
rystallization of a material which is relatively insoluble at ordinary con- 
litions. The use of this technique as a means of obtaining large crystals 
i relatively pure materials is perhaps best demonstrated by its success- 
lil application in the laboratory and commercial production of quartz. 
en and Buehler, 1950, Hale, 1950, Laudise and Sullivan, 1959, 
awyer, 1959). The fact that one can grow colorless quartz of high purity 
n steel vessels in a system normally considered quite corrosive is rather 
urprising. Most procedures for the synthesis of quartz employ a sodium 
rydroxide or a sodium carbonate solution as the solvent. Fortunately, 
inder the conditions of growth the attack of the alkali on the steel 
iessel results in the formation of acmite (Walker and Ballman, 1954), an 
soluble sodium iron silicate, which coats the interior of the vessel and 
mits further corrosion. The formation of acmite and the protection its 
cating affords is perhaps the principal reason why electronic, grade 
uartz can be grown on a laboratory or production basis without resort- 
2g to the use of inner liners of noble metals. 

Considering the number of elements present in the composition of most 
reels, and the fact that the formation of acmite explains why only iron 
oes not contaminate the grown quartz, it seems clear that other ions 
though present in solution do not necessarily enter the quartz struc- 
ite. In view of this and the interest in the effect of impurities on the 
ectrical properties of quartz a program was undertaken to purposely 
1troduce ions in the quartz structure. The effect of such ions on visible 
slor might also offer a possible explanation of the mechanism of colora- 
on as seen in some naturally occurring quartz species such as citrine 
r rose quartz. 


EXPERIMENTAL 


The crystals obtained in this study were grown in high pressure steel 
itoclaves using a modified Bridgman seal or welded closures. Both these 
ssigns have been previously described (Walker, 1954, Laudise and 
ulivan, 1959). Nutrient quartz was placed in the bottom of the vessel 
1d a frame holding the seed crystals whose principal surface was 
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(0001) was placed in the upper region. A perforated metal disc was 
placed between the two regions and acted as a baffle to separate the 
dissolving and the crystallizing zones. The action of the baffle promotes 
the growth of crystals of uniform dimensions throughout the entire 
growing region. 

The autoclaves were then filled to the desired fraction of the free 
volume with the solvent, closed, and placed in furnaces in which the 
desired temperature and temperature differential were maintained with 
a Leeds-Northrup Micromax controller. Temperature readings were 
made using chromel-alumel thermocouples strapped to the exterior of 
the vessels and recorded daily for the duration of each experiment which 
lasted about 15 days. 

All experiments were carried out in 1.0 molar potassium carbonate 
solutions at an average temperature of 370° C. and a degree of filling of 
the autoclave of 80 or 85% corresponding to a pressure of about 25,000 
psi (Kennedy, 1950). The doping agent was put in the nutrient zone 
either as the metal or as the oxide. A similar technique for quartz doping 
has been used by other investigators (Stanley and Theokritoff, 1956, 
Augustine, 1957). 

At the termination of a run the crystals were removed from the auto- 
clave and their dimensions measured for growth rate calculations. The 
crystals were then sectioned for spectrochemical analysis, optical ab- 
sorption studies and electrical measurements. 


RESULTS AND DISCUSSION 


Previous quartz doping studies by the author (Walker and Ballman, 
1954), and others (Thomas and Brown, 1952,* Tsinober, ef al., 1959) had 
shown a slight green coloration in quartz grown from potassium hy- 
droxide solutions and in view of this it was decided to further study the 
use of potassium compounds as solvents. The first such run using potas- 
sium carbonate as the solvent in a steel autoclave produced a dark green 
quartz almost black in appearance. Spectrochemical analyses of this 
material showed iron, 0.05 wt. %, manganese, 0.01 wt. %, and beryllium 
0.008 wt. %. Both manganese and beryllium are minor constituents of 
the steel composition. Figure 1 shows the crystals produced in this run 
compared to a colorless crystal grown in a steel autoclave in sodium 
hydroxide solution. The crystals were well formed but showed a few areas 
with small fractures which appear to be the result of the inclusion of the 


* Tn a recent publication a green and brown colored synthetic quartz was produced in 
steel autoclaves with a potassium carbonate solvent. Results similar to ours were obtained 
regarding colors produced, color zoning and optical absorption. 


NOTES AND NEWS 441 


[foreign ion since crystals grown under similar conditions without the 
radditives are quite free of this imperfection. The next run was made in 
Fan inert system (all silver) in which the iron could be added in con- 
(trolled amounts and thus offer a means of doping with particular levels 
(of the desired impurity. The results of this run however were rather sur- 
prising in that perfectly colorless quartz was produced containing little 
or no iron (.001%), even though iron was available in solution at a 17, 
|by weight concentration. It appeared then that in order to include iron 


| Fic. 1—Iron, manganese and beryllium doped synthetic quartz vs. colorless synthetic. 


in quartz a carrier ion was needed for charge balance. Beryllium was 
chosen over manganese since its relatively small ionic radius should 
permit it to be included in the quartz structure with the least difficulty. 
A new run was carried out again using metallic iron (1% by wt.) but this 
time with the addition of beryllium (0.002% by wt.) as the carrier ion 
and like the first run it produced a green colored quartz. The color pro- 
duced however was of lower intensity than the first run and of a slightly 
different hue. Figure 2 shows a crystal produced in this run. 

The color in both sets of crystals is not homogeneous but is composed 
of light and dark bands of green separated by zones of yellow and 
diminishes as the growth progresses. It was apparent from the diminish- 
ing color that the phenomenon responsible for the production of color 
ceased to occur after the early stages of growth. Figures 3 and 4 show 
the banded nature of the colored material. 

Since the color produced in the grown material is composed of both 
green and yellow bands, both ferrous and ferric ions are presumably 
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Fic. 2—Iron and beryllium doped synthetic quartz. 


present in the crystal. This is not particularly surprising since recent 
work at the Bell Telephone Laboratories (Laudise, Crocket and Ballman, 
1959) has shown magnetite to be the phase that forms under the re- 
ducing conditions in this hydrothermal system. A plausible mechanism 
then for the coloring effect is that of metallic iron going to ferrous and 
ferric ions in solution and then forming the stable magnetite phase. 

Equation 1 shows this over-all reaction and equations 2, 3, and 4 show 
a possible stepwise formation of ferrous and ferric ions leading to the 
production of magnetite. 


3Fe° + 4H.O S Fe;0, + 4Het fqoam 
Fe° + 2H20 sS Fe(OH): + Het 
Fe(OH).  Fe*t + 20H kiq. 23 


Fic. 3 (left) —Cross section cut parallel to c axis of iron, manganese and beryllium doped 
sample showing seed area marked by brackets and zonal distribution of color. 

Frc. 4 (right)—Cross section cut parallel to c axis of iron and beryllium doped sample 
showing seed area and zonal distribution of color. 
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| Fe(OH): + 2H,0 S Fe(OH;) + Het 
Fe(OH); $ Fet++ + 30H- Eq. 3. 
Fe(OH)» + 2Fe(OH); @ Fes04 + 40.0 Eq. 4. 


(oloration takes place only while there is a high concentration of 
prrous and ferric ions in solution as the metallic iron is being oxidized. 
*nce the metallic iron surface is all converted to magnetite the concen- 
¢ation of ferrous and ferric ions now in solution in equilibrium with the 
cable magnetite phase is too low for iron to be included in the crystal 
h any quantity and color ceases to be produced. 

_A run was made to test this hypothesis and powdered crystalline 
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Fic. 5—Absorbance/cm. vs wavelength for synthetic and natural quartz samples. 


iagnetite (1% by wt.) was used as the source of iron along with beryl- 
um ions (BeO, 0.02% by wt.) as the carrier. This run produced per- 
ctly colorless quartz and appears to bear out the proposed mechanism. 
Table 1 shows that impurity levels found in the colored samples as 
ell as in naturally occurring quartz. The doped samples are in general 
n order of magnitude greater in impurity concentration. 

Figure 6 shows a plot of the optical absorbance/cm. at 0.7 micron 
ersus wavelength for the colored samples and a representative natural 
1artz sample. As can be seen there are two areas of high absorption 
1e peak occurring about 0.7 micron and another in the ultraviolet 
gion of the spectrum. The high absorption in the ultraviolet region 1s 
aracteristic of ferric ions in quartz as well as in other materials. Less 
known about where ferrous ions in quartz would show an absorption 
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TABLE 1. Impurity CONCENTRATION (WEIGHT PER CERT) FOUND 
iN NATURAL AND SYNTHETIC QUARTZ SAMPLES 


Natural Quartz Doped Synthetic 
Impu- 

rity ‘ Citrine Green Yellow 
(Colorless) Rose (Pink) (Yellow) Zone) (Zone) 
Fe <0.001 os 0.001* 0.026 0.015 

Ti = 0.005 =— — — 
Mn = = — 0.016 0.005 
Be = 0.001 = 0.03 0.008 


peak. However, ferrous ion generally shows an absorption peak at about 
0.9-1.0 micron (Holmes and McClure, 1957) and since the conditions 
of the experiment indicate both ferrous and ferric ions to be present the 
consistent peak at 0.7 micron is most likely due to the ferrous ions. 

Figure 7 shows the optical absorbance/cm versus the impurity con- 
centration for areas of different color intensity within the same crystal. 
It is clearly indicated that the absorption at 0.7 micron is proportional 
to both the Be and the Mn concentration but not to the total iron con- 
centration, thus it is apparently only the ferrous portion of the total 
iron concentration which is causing this peak. 


ABSORBANCE /CM 


0 0.01 0.02 0.03 
WT % IMPURITY 


Fic. 6—Absorbance/cm. vs. impurity concentration for doped synthetic quartz. 
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_ It appears that when ferrous iron is included in the quartz it not only 
jarries along a beryllium or manganese ion as a charge balancer but 
feems to permit an additional number of these ions proportional to the 
prrous iron included to enter at the same time. This would explain why 
manganese and beryllium appear to obey the Beer Lambert law as 
jhown in the plot. 

_ It is difficult to explain why such a high concentration of beryllium 
5 s found in iron doped quartz when runs doped with beryllium alone do 
cot include beryllium in amounts greater than about 10 ppm. 


CONCLUSIONS 


The formation of acmite, an insoluble sodium iron silicate, prevents 
the inclusion of iron in quartz crystals grown from sodium hydroxide 
ir carbonate solutions. Potassium carbonate solutions do not form an 
inalogous compound and can be used when quartz is to be iron doped. 
‘in other alkali carbonate or hydroxide solutions quartz is either not the 
table phase under experimental conditions or growth rates are too low 
» be of use. 

In order for ferrous or ferric ions to be included in the quartz structure 

carrier ion* must be used for charge balance. Manganese and beryllium 
work well with beryllium preferred due to its smaller ionic size which 
sermits its inclusion with the least strain. 

The inclusion of iron in quartz appears to be due to a high concentra- 
aen of ferrous and ferric ions put in solution as metallic iron is oxidized 
vy the alkaline solution and forms the stable magnetite phase. 

The high optical absorption of the colored material in the ultraviolet 
egion of the spectrum is characteristic of ferric ion compounds, and the 
eeak at about 0.7 micron is most likely due to ferrous ion. 

The presence of both green and yellow bands in the grown quartz 
urther indicates the presence of both ferrous and ferric ions within the 
ame crystal, the green and yellow being characteristic of ferrous and 
elric lons respectively. 
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COMMENT ON “GROWTH AND PROPERTIES OF COLORED QUARTZ” 


Rustum Roy, Department of Geophysics and Geochemistry, 
The Pennsylvania State University. 


The interesting results of Ballman (preceding article) on the differences 
in concentration of various ions in the different crystallographic zones 
suggest the following explanations which supplement or modify the 
author’s conclusions. 

(1) Keith and Tuttle (Am. J. Sci., Bowen Volume, 1952, p. 203) 
found a similar zoning of alternate “segments” of different color in 
natural quartz (after irradiation). It is interesting to note that such 
crystals as well as those grown by Ballman provide examples of the 
chemical inhomogeneity of a “single phase’ which still qualifies as a 
phase in the context of the Phase Rule. 

(2) Ballman suggests that a “carrier ion must be used for charge 
balance” in order for ferrous or ferric ion to be included in the quartz 
structure. Since their valence is also lower than Si‘*, it is obvious that 
the elements suggested (Be?+, Mn+) cannot form half-breed derivatives 


@ 
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ssuch as (for example) P®* serving as a ‘carrier’ for Al’+ and together 
jproxying for 2Si‘t. It may be implied that Be?+ could accept interstitial 
jsites, which is feasible, but it would be much less likely that Mn2+ 
jwould do so. 
_ Energetically, what appears to be most likely is that a stuffed deriva- 
tive is formed rather than adding ions in interstitial sites. Thus, Be?+’” 
ireplaces Sit?” with Mn*t, Fe?* and Fe** being added in the stuffing site 
‘to balance the loss of charge. 

Alternatively, Fe**, Be?+ for Sit with Mn?+, Fe?+ (and remaining 
[Fe+ if any) in the stuffing site. 
If Fe?+ were in lattice sites rather than Fe*+ it would require that 
twice as many total charges be realized by the stuffing ions. In fact, the 
analysis of Fig. 5 cannot be quantitatively explained on the basis of 
any of these schemes, since the atomic concentration of Be is too high 
‘to be compensated for by putting all the iron and manganese in the 
‘stuffing site. If this amount of Be?+ is actually incorporated, almost cer- 
‘tainly one should detect by infra-red spectroscopy appreciable (OH)~ 
‘proxying for O?-. 

The absorption due to Fe*t, Fe?* or Mn?" in the stuffing site will, of 
course, not be the same as the absorption in other commoner crystal 
fields and hence one cannot extrapolate from the color of known com- 


pounds to the ‘color’ of an ion in an interstitial or stuffing site. 
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THERMOLUMINESCENCE MEASUREMENTS WITH RAPID HEATING 


N. M. Jounson, W. F. AMMENTORP AND FARRINGTON DANIELS, 
Department of Chemistry, University of Wisconsin. 


Recent papers in the American Mineralogist have described refined 
thermoluminescence measuring apparatus for minerals (Ashby and 
Kellagher, 1958; Lewis, ed al., 1959). The heating rate used for these is 
about 2° C. per second or less. Slow heating rates were first used in this 
laboratory (Saunders, 1953), but a fast heating instrument has been 
found to be more sensitive to low levels of thermoluminescence and in- 
creases the number of determinations which can be made per hour. A 
consequence of the fast-heat feature, however, is a decrease in tempera- 
ture control and precision. Houtermans, e/ al. (1957) has also described 
a fast heating thermoluminescence instrument and discusses its relative 
advantages. 

The apparatus described here normally employs a heating rate of 20 
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° 
to 30° C. per second, but if required, heating rates of 90° C. per second 
may be attained. Although the total number of thermoluminescence 
photons is independent of the rate of heating, a fast heating rate re- 
leases more photons per second, thus leading to a more easily detected, 
intense light. The time of heating is only a few seconds and the whole 
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Fic. 1. Fast-heat thermoluminescence measuring device. 


operation can be completed in about 5 minutes per sample, including 
grinding, loading, heating and cooling. 

The apparatus is shown in Fig. 1 (Ammentorp, 1957). The heater is 
a strip of nichrome ribbon 13 inches long, 1} inches wide and 0.027 inch 
thick, mounted with spring tension on a transite base. Above it is a 
vertical light pipe of quartz provided with a shutter. A photomultiplier 
tube (1P21) receives thermoluminescent light emitted by heated crys- 
tals and the current is amplified with a circuit designed by Professor 
Robert J. Parent and built by Mr. Donald M. Pryor in this laboratory 
(Fig. 2). 

The photoelectric current is recorded on a rapid recorder, Sanborn 
Model 127, equipped with a built-in D.C. amplifier Model 126B. Paper 
speed is 25 mm. per second and the light intensity curve is traced by a 
heated stylus on color-changing paper. The light intensity-temperature 
(time) graph is the “glow curve.” 


a 
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—?-105 V 


Fic. 2. Photomultiplier and amplifier. 


The nichrome heater is supplied power through a 1.5 kilowatt step 
down transformer and the heating rate is controlled with a Variac. 
[Pemperatures from the start of heating are determined by using heat- 
Sensitive crayons. A curve of temperature is then plotted against time 
dor each heater power setting. The calibration curves are near linear. 
‘After red heat has been reached, power is cut off and the nichrome heat- 
ing ribbon is quickly cooled by an air blast or with dry ice, ready for the 
next sample. 

Sensitivity to thermoluminescence may also be controlled by the area 
and volume of sample exposed to the photomultiplier tube. A simple con- 
trol technique is to pack a powered sample (100-200 Tyler) into shallow 
ring molds. Compaction of the powder against the sides of the ring 
holds the sample in place and permits transportation of the sample for 
weighing and loading onto the furnace. The molds make uniform sample 
discs with one side in intimate contact with heating elements and the 
other side exposed to the photomultiplier. Sample volume, geometry and 
heating environment may be varied according to the dimensions of the 
ring mold. 

By adjusting sample size and/or regulating the heating rate a wide 
range of thermoluminescent intensities may be measured and recorded. 
The effect of faster heating on improving instrumental sensitivity is 
shown in Fig. 3. 
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Fic. 3. Resolution of low level thermcluminescence in NaCl by fast heating. 
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ADSORPTION OF ETHYLENE GLYCOL AND GLYCEROL 
BY MONTMORILLONITE* 


(Clay-Organic Studies, Part V7) 


REINHARD W. HOFFMANN AND G. W. BRINDLEY, Department of 
Ceramic Technology, The Pennsylvania State University, 


Se is ; 1 
University Park, Pennsylvania. 


The swelling of montmorillonite immersed in ethylene glycol or in - 
glycerol has been used for many years to identify montmorillonite in | 
* Contribution No. 60-32 from the College of Mineral Industries, The Pennsylvania 


State University, University Park, Pennsylvania. 
{ Part IV. See Hoffmann and Brindley (1961). 


NOTES AND NEWS 451 


aixtures of clay minerals. It is sometimes believed that montmorillo- 
lite has an ‘affinity’ for these compounds such that they are strongly 
{bsorbed from aqueous solutions. The present note describes measure- 
nents which show that they are not preferentially absorbed from aqueous 
jolutions to any appreciable extent. 

| In previous work (Brindley and Rustom, 1958, and more particularly, 
Woffmann and Brindley, 1960) isotherms for the adsorption of a variety 
if non-ionic organic compounds of Ca-montmorillonite from aqueous 
jolutions have been determined to study the features of the organic 
nolecule which affect the adsorption. Two factors were found to affect 
ihe adsorption equilibria in solution: chain-length and CH-activity. For 
nolecules with small CH-activity, a minimum chain-length of about 6 
jarbon atoms is required for preferential adsorption and on this basis 
aeither ethylene glycol nor glycerol would be expected to show preferential 
‘sorption. 

| Experiments have been made to determine the adsorption isotherms 
ii ethylene glycol and glycerol on Mg-montmorillonite from aqueous 
jolutions. The Mg-saturated clay was used because it was immediately 
\vailable and other studies (Brindley, Hoffmann and Bender, 1960) had 
Jhown that for several substances the exchangeable inorganic cation has 
@o significant influence on the organic adsorption, at least for the ions 
Nat, Ca?*, and Mg?". 

Suspensions containing 15 mg. clay per ml. and ethylene glycol or 
slycerol in concentrations varying from 2.5X10~? to 50X10~? molar 
were equilibrated for 20 hr. After centrifuging for 2 hr., the organic con- 
ent of the supernatant liquid was determined by dichromate oxidation. 
“or neither compound could any depletion in concentration be detected 
except for small variations within the accuracy of the analytical determi- 
vations (+1%). Therefore these compounds do not show any preferen- 
jal adsorption from aqueous solutions on montmorillonite. 

Part of the clay paste remaining in the centrifuge tubes was taken 
vith a minimum of adherent liquid and allowed to dry on glass slides. 
The clay-organic films were then examined in a stream of dry air by 
«-ray diffraction using a Phillips Norelco diffractometer with filtered 
CuKa radiation. The results showed that complexes were formed con- 
aining one layer of water, one layer of organic material, two layers of 
yrganic material, or mixtures thereof according to the organic concen- 
ration of the adherent solution in the initial clay paste. 

The Spacings for the one- and two-layer organic complexes are 13.9 
+0.1 A and 16.8;+0.1 A for ethylene glycol, 13.9;+0.1 A and 17.75 
+0.1 A for glycerol respectively, and 11.9;+0.05 A for a single water 
ayer. 
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It has been pointed out already (Hoffmann and Brindley, 1960) that | 
the type of complex formed after drying a clay-water-organic mixture } 
does not depend so much on the adsorption equilibria existing in aqueous } 
solution as on the relation of the volatility of the organic compound to 
that of water. Among the substances investigated, two extremes have} 
been found: 

(i) Substances with high volatility may be adsorbed strongly from } 
aqueous solutions under equilibrium conditions, but may not form com- 4 
plexes on drying as both the water and the organic substance evaporate. } 

(ii) Substances with low volatility which show httle or no adsorption 9 
from aqueous solution, may still form complexes on drying because the} 
water evaporates leaving the clay and organic material behind. . 

The second mechanism has already been proposed by Bradley (1945) 7 
who suggested that ethylene glycol may form complexes with mont-} 
morillonite by replacement of the adsorbed water due to their difference } 
in volatility. This is now confirmed experimentally. Ethylene glycol and} 
glycerol belong to the second group since they show no preferential ad- 
sorption from aqueous solution under equilibrium conditions but form 
complexes after drying due to their low volatility compared with that of | 
water. | 

Grateful acknowledgement is made to the donors of the Petroleum | 
Research Fund, administered by the American Chemical Society, for 
support of this reasearch. 


REFERENCES 


BRADLEY, W. F., (1945), Molecular associations between montmorillonite and some poly- 
functional organic liquids. J. Am. Chem. Soc. 67, 975-981. 

BRINDLEY, G. W., Horrmann, R. W., AND BENDER, R., (1960), unpublished data. 

BRINDLEY, G. W., AND Rustom, MAnMoup, (1958), Adsorption and retention of an organic | 
material by montmorillonite in the presence of water, Am. Mineral., 43, 627-640. 

Horrmann, R. W., AND BrinpLEy, G. W., (1960), Adsorption of nonionic aliphatic mole- 7 
cules from aqueous solution on montmorillonite (Clay-Organic Studies, Part Il). 
Geochim, et Cosmochim. Acta, 20, 15-29. 

Horrmann, R. W., AND Brinpiey, G. W., (1961), Infrared extinction coefficients of | 
ketones adsorbed on Ca-montmorillonite in relation to surface coverage (Clay- 
Organic Studies, Part IV). Submitted to J. Phys. Chem. 


« 


NOTES AND NEWS 453 


THE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


| LATTICE CONSTANTS OF THE CALCIUM-MAGNESIUM CARBONATES 


Jutian R. Gorpsmiru,* Donan L. Grar,t AND Hucu C. Hearp}t 

| In an earlier publication (Goldsmith and Graf, 1958) lattice constants 
t several dolomites and of synthetic magnesian calcites containing up 
p about 20 mol per cent MgCOs were presented. Since these data ap- 
peared, the system CaCO3-MgCO; has been investigated at higher tem- 
yeratures and CO: pressures, and single phase solid solutions were success- 
‘uly prepared over the whole range from CaCQ; to CaMg(COs)2 (Gold- 
‘mith and Heard, 1961). The present paper is based upon measure- 
‘ents made on some of the latter samples. The experimental conditions 
mnder which these samples were prepared are given in Table 1. 

| | Powder x-ray diffraction patterns were taken of these samples using 
| 
(TaBre 1. EXPERIMENTAL Conpitions UNDER WHICH THE SYNTHETIC CALCIUM Mac- 
| NESIUM CARBONATES DISCUSSED IN THIS PAPER WERE PREPARED 

The samples were contained in sealed Pt capsules in an internally heated gas system, 
scribed elsewhere (Goldsmith and Heard, 1961). 


Sample Mol Per Cent Temap (° C) CO, Pressure Time 
Number MgCO; : ‘ (Kb.) (minutes) 
C-213 10 945- 950 5.0 45 
— C-291 10 684— 686 2 AD) 180 
C214 20 945- 950 5.0 45 
_ C-226 20 884— 892 4.0 90 
C-217 30 978— 981 5.0 40 
C-207 40 1074-1075 8.5 30 
C-203 40 1140-1150 10.0 30 
C-193 42.5 1144-1150 10.0 30 
C-194 45 1144-1150 10.0 30 
C-91 45 1093-1101 8.0 12 
C-182 ATES) 1146-1151 10.0 DS 
C-102 50 1150-1155 10.0 5 
C-114 50 900-— 901 5.0 60 


_ * Department of Geology, University of Chicago. 
} Illinois State Geological Survey, Urbana. 
_ { Institute of Geophysics, University of California, Los Angeles. 
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CoKa radiation, and ap and co were obtained from cos? 6 extrapolations 
of the appropriate back-reflections. These data are plotted in Figs. 1 and 4 
2. The scatter of the plotted points is partly attributable to two prin- — 
cipal factors. Small amounts of a secondary phase, presumably produced | 
by incomplete reaction or exsolution during quenching were noted in 
several runs, particularly in the composition range CazoMg3o to CassM gas. © 
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Fic, 1, The change in ap with composition for CaCQs-rich phases in the system CaCQs;- 
MgCOs. Open circles represent new measurements on disordered solid solutions; triangles, 
new measurements on phases with (cation-ordered) dolomite-type structures. Vertical bars 
are schematic representations of groups of closely similar measurements, published pre- 
viously (Goldsmith and Graf, 1958). 


Although runs obviously imperfect in this regard were discarded, lesser | 
inhomogeneities may exist in some of the other samples. Secondly, some | 
of the x-ray patterns have back-reflections that, although measurable, 
are not as sharp as would be desired for maximum accuracy. 

The data of Goldsmith and Graf (1958) are also plotted in Figs. 1 andi 
2. There is a significant discrepancy between the two sets of data for | 
the calcites containing up to 20 mol per cent MgCOs. As a further check, | 
Miss Juanita Witters of the Illinois Geological Survey has redetermined - 
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Fic. 2. The change in cg with composition for CaCOzrich phases in the system 
CaCO:-MgCOs. The symbols used have the same meaning as in Fig. 1. 


© compositions of the approximately 20 mol per cent MgCO; mixture 
ed by Goldsmith and Graf (1958) and of the 20 mol per cent MgCO; 
.xture used by Goldsmith and Heard. Her results, given in Table 2, 
+ within 1.0 mol per cent of the composition (by synthesis) of the 
bldsmith-Heard magnesite-calcite mixture, and indicate a probable 
ference in composition between the mixtures of 0.4 mol per cent. A 
erence of three mol per cent would be required to explain the dis- 


ppancy in Figs. 1 and 2. We can offer no explanation, but prefer the 


TABLE 2. Emission SPECTROGRAPHIC ANALYSES OF THE Two SYNTHETIC 
Mixtures Usep iy Preparinc CaCO; Sotm Sorctions ConTAIN- 
ING APPROXIMATELY 20 Mor. Per Cent MgCO-z 
The calibration curves were adjusted for each plate, using standards run on that plate- 
anita Witters, analyst. 


Goldsmith and Grai Goldsmith and Heard 
(1958) (This paper) 
MgCoO;z CaCOz MgCO: CaCO; 
First Trial ATCT 82.3 18.1 81.9 
VE Second Trial 18.0 82.0 18.0 82.0 
Third Trial 18.0 82.0 18.7 81.3 
Average (Wt. Per Cent) 17.9 82.1 18.3 81.7 


Mol Per Cent 20.6 79.4 21.0 79.0 
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° 
TABLE 3. CELL CONSTANTS FOR SOME SYNTHETIC AND NATURAL 
Catcrum CARBONATE SOLID SOLUTIONS (SEE ALSO TABLE 1) 


The cell constants used for the ordered Gabbs and Serra das Eguas dolomites in the — 
Guinier Aa) and Aco determinations are those published by Goldsmith and Graf (1958); 
for the Lee, Massachusetts, dolomite, the mean of the published values, a)=4.8079 A,? 
co=16.010 A, was assumed; for the synthetic mixture of equimolar amounts of CaCO; and | 
MgCOs, the ap and co values given below for C-114 were used. The values given in this 
table are the most probable ones based upon cos? 6 extrapolations; the final figure is ob- | 
viously not significant for some samples, but it is difficult to assign probable uncertainties. 


° 


Material ain A conA 


A. Cation disordered or largely so 


C-213, CaCO; containing 10 mol per cent MgCO; 4.9494 16.876 
C-291, CaCO; containing 10 mol per cent MgCO; 4.9473 16.863 
C-214, CaCO; containing 20 mol per cent MgCO; 4.9128 16.699 
C-226, CaCO; containing 20 mol per cent MgCO; 4.9115 16.698 
C-217, CaCO; containing 30 mol per cent MgCO; 4.8760 16.514 
C-207, CaCO; containing 40 mol per cent MgCO; 4.8410 16.291 
C-203, CaCO; containing 40 mol per cent MgCO; 4.8428 16.274 
C-193, CaCO; containing 42.5 mol per cent MgCO; 4.8328 16.235 
C-194, CaCO; containing 45 mol per cent MgCO; 4.8255 16.178 
C-91, CaCO; containing 45 mol per cent MgCO; 4.8233 16.156 
C-182, CaCO; containing 47.5 mol per cent MgCO; 4.8152 16.111 
C-102, CaCO; containing 50 mol per cent MgCO; 4.8050 16.061 
B. Cation ordered 
C-114, Dolomite containing 50 mol per cent MgCOs; 4.8067 16.025 
C. Dolomite cell-size changes on cation disordering 
Aap in A Aco in A 
Synthetic mixture (C-102, C-114), 900° vs. 1155° C. 

Straumanis-mount powder «x-ray films —0.0017 + 0.036 
Adjacent strips on film taken with Guinier-type camera —0.0026 + 0,016 
Dolomite, Lee, Mass., Unheated vs. 1155° C. (Guinier) —0.0033 + 0.037 

Dolomite, Serra das Eguas, Brazil, Unheated vs. 1152° C. 
(Guinier) —().0048 + 0.033 


Dolomite, Gabbs, Nevada, Unheated vs. 1155° C. (Guinier) —0.0033 + 0.030 


latest set of measurements because the initial starting materials were | 
anhydrous end members and because of the concordance between results | 
for the magnesian calcites and synthetic and natural dolomites. The pre- | 
vious magnesian calcite values were available only to 20 mol per cent | 
MgCOs and had to be extrapolated to the dolomite composition. They 
led to the improbable conclusion that ordered material of dolomite ¢ 
composition had a larger unit cell volume than its disordered counter- | 
part. 


a 
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{ The new data give, for the first time, direct information on the change 
| cell size accompanying cation disorder in dolomite, which is sum- 
tarized in Table 3 together with cell constants for the synthetic dis- 
dered solid solutions and for several natural dolomites. Disordering 
( dolomite results in a very slight decrease in a) and a somewhat greater 
icrease in ¢o. Considering all of the data of Table 3, Aap>=—0.003 A, 
Ve +0. 035 A, and AV=+0.3 A® or +0. 09% of Ais dolomite cell 
blume. A material of dolomite composition with complete cation dis- 
ider has not thus far been obtained; the materials here described are 
tbstantially but not completely disordered (Goldsmith and Heard, 
61). The comparable values for fully disordered cadmium magnesium 
“rbonate, CdMg(COs)2 (Goldsmith, 1958, and in preparation) are 
'¥o= —0.0024 A, Aco=+0.037 A, and AV=+0.42 A? or +0.14% of the 
'4Mg(COs)o cell volume. 

(Goldsmith and Heard (1961) show that the maximum amount of 
cess CaCO; that can be contained in the (ordered) dolomite structure 
i high temperatures is approximately 7 mol per cent. Thus the compo- 
lion versus cell edge curves shown for ordered materials in the dolo- 
lite region in Figs. 1 and 2 must merge with the curves for disordered 
iaterials at the approximate molar composition Cas7Mg43, and the zone 
(tween such curves corresponds to a region of intermediate cation 
jider. The measurable effect is, of course, quite small, and the available 
ita do not justify drafting the bifurcation in Figs. 1 and 2. 
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Dr. Esper S. Larsen, Jr. died in Washington, D. C., on March 8, 1961, at the age of 82. 

-, Larsen was a member of the faculty at Harvard for many years. He was President of 
2 Mineralogical Society of America in 1928, and received the Roebling Medal in 1941. A 
-morial will appear in a later issue. 
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BORNITE FROM CHESHIRE 


Dr. R. A. Howie of the University, Manchester, England, writes the following com- 


ments. 
In the “Second find of euhedral bornite crystals on barite.” 


Living as I do in Cheshire, England, I was interested in the article “Second find of ~ 


euhedral bornite crystals on barite” (Am. Mineral. 45, 1062, 1960), which states that such 
an association had been previously reported from the ‘‘Cheshire locality in England.” 
Barite is in fact known from Alderley Edge, where there is considerable copper mineraliza- 
tion, but there is no record of bornite in association with barite. However, Dana—System of 
Mineralogy, 6th edition, page 78, states that “‘bornite occurs at the copper mine in Bristol, 
Conn., abundant, and often in fine crystals. At Cheshire sparingly in cubes, with barite, 
malachite and chalcocite.” It therefore seems evident that the Cheshire locality which 
Kullerud, Donnay and Donnay refer to is Cheshire, Connecticut. 


GELATIN Mounts FOR MINERAL GRAINS 


In the Sept —Oct. 1960 issue of the American Mineralogist, Olcott described a method for 
mounting mineral grains which was a modification of the procedure of Marshall and Jet- 
fries (Soil Sci. Soc. Amer. Proc., 10, 397-405). Dr. Jeffries writes that carbonates are decom- 
posed by the formalin in the original solution B, and very satisfactory results are obtained 
when the formalin is omitted. 


1960 PEACOCK MEMORIAL PRIZE 


The Walker Mineralogical Club announces that it has awarded its Peacock Memorial 
Prize (1960) of two hundred dollars “‘for the best scientific paper on pure or applied min- 
eralogy, including crystallography, mineralogy, petrology, ore genesis, and geochemistry,” 
submitted by a graduate student, to Dr. Joseph E. Patchett. 

Dr. Patchett’s paper was entitled, ‘““A Study of the Radioactive Minerals of the 
Uraniferous Conglomerate, Blind River Area.’”’ He did his work under Professor E. W. 
Nuffield and Professor W. W. Moorhouse at the University of Toronto (Toronto, Ontario, 
Canada). Dr. Patchett, a native of Middletown, New York, received his B.S. from Rutgers 
University, New Brunswick, New Jersey in 1952. He received his M.A. in 1954 from the 
University of Toronto and, following two years of service in the U. S. Army, he returned 
to Toronto to resume his studies. He received his Ph.D. in 1960. He is presently employed 
as a crystallographer with the Research Department of the Norton Company, Chippawa, 
Ontario. 

The Walker Mineralogical Club announces also at this time that it is offering the 
Peacock Memorial Prize again in 1961. A copy of the announcement follows. 


1961 PEACOCK MEMORIAL PRIZE 
Two Hunprep DoLLARs—$200.00 
lor the best scientific paper on pure or applied mineralogy, including crystallography, 
mineralogy, petrology, ore genesis and geochemistry. 
Conditions 
1. The author of the paper shall be any graduate student enrolled in a Canadian uni- 


versity, a Canadian graduate student enrolled in any university, or any graduate student 
on a Canadian subject. 


2. The paper, written in French or English, will be accepted for competition up to two 


years after completion of the work, even though the author may be enrolled no longer as 
a graduate student. 


| ’ 


NOTES AND NEWS 459 


3. The paper may be in the form of: 
(a) a thesis, 
| (b) a paper ready for publication, 
(c) a printed publication. 


| 4. The paper may offer new or refined observations; or a significant synthesis and in- 
prpretation of existing data; or some new or improved application of mineralogy to useful 
nds; or the results of other work of sufficient interest and value. 
| 5. Each paper must be accompanied by a letter from the candidate’s supervisor stating 
jne nature and extent of the assistance he may have given to the work submitted. 

6. The paper is to be addressed to—The Secretary, Walker Mineralogical Club, 
(00 Queen’s Park, Toronto 5, Ontario. 
7. CLOSING DATE OF THIS COMPETITION—December 31, 1961. 
If no paper of sufficient merit is received, the prize will not be given. All papers sub- 
initted will be returned to their authors as soon as the judging is completed. Announcement 
| i the award will be made in the appropriate publications. 


| Back IssuEs oF Contributions to Canadian Mineralogy 


The Walker Mineralogical Club now has complete sets of the University of Toronto 
itudies, Geological Series, “Contributions to Canadian Mineralogy” (26 issues with in- 
exes) on microfilm, at less than one-third the cost of a set in book form. 


j 
f 


| AMERICAN CRYSTALLOGRAPHIC ASSOCIATION 
| The 1961 summer meeting of A.C.A. will be held at the University of Colorado, Boulder, 
colorado, July 31-August 4. The local chairman is Dr. Walter M. MacIntyre, Chemistry 
@epartment, University of Colorado; and the program chairman is Dr. G. B. Carpenter, 


éepartment of Chemistry, Brown University, Providence 12, Rhode Island. 


107TH ANNUAL CONFERENCE ON APPLICATIONS OF X-Ray ANALYSIS 


‘This conference will be held immediately following the A. C. A. Conference, in Boulder, 
yolorado, on 7, 8 and 9 of August, 1961. (Note that this is Mon.-Tues.-Wed.) The 
=ssions will be held in the new conference room of the Park Lane Hotel, Denver. 

For additional information, write W. W. Mueller, Head, Metallurgy Division, Denver 
2esearch Institute, University of Denver, Denver 10, Colorado. 


| Erratum 


In the January-February, 1961 issue of the American Mineralogist, the book review 
1 page 238 of “ULtravioLeT GuipE To MINeRALs” was credited to the wrong author. 
yhe author is Mr. Sterling Gleason. 


BOOK REVIEWS . 


X-RAY ABSORPTION AND EMISSION IN ANALYTICAL CHEMISTRY. (Spectro- 
chemical Analysis with X-rays), by H. S. Luzpuarsky, H. G. Prerrrer, E. H. WINs- 
LOE, AND P. D, Zemany, 357 pages, John Wiley and Sons, Inc., New York, 1960, 
$13.50. 


X-ray spectroscopy as a tool for analytical purposes has advanced rapidly in recent 
years. What has been sorely needed to keep pace with this advance has been a good text 
to survey the field and function as a reference source. This book fills these needs in an 
admirable fashion and has already received wide scale approval by workers in the field. 
The authors describe lucidly the history and basic theory, the reliability of the «-ray 
methods, a variety of applications, and all the required equipment, instrumentation, and 
techniques. 

The first part of the book is devoted to the origin and properties of «-rays, the measure- 
ment of x-ray intensity, detectors, and to the important analytical method using x-ray 
absorption. The latter part of the book is concerned with the methods based on x-ray 
emission. An important chapter on reliability of x-ray emission spectrography is included. 

The six appendices consist of tables very useful to the practicing «-ray spectrochemist 
and a bibliography of element determinations. 

Of particular interest to the mineralogist is Chapter 7 which is devoted in part to the 
analysis of minerals. The potential of the technique as well as some specific applications are 
described. 

This reviewer feels that this book has great value in any laboratory performing x-ray 
spectrochemical analyses. 

IsIDORE ADLER 
U. S. Geological Survey 
Washington, D. C. 


METHODS IN GEOCHEMISTRY. Edited by A. A. SMALEs AND I.. R. WaGER. Inter- 
science Publishers, New York, 1960. 464 pages. $13.50. 


In this modern day, the geochemist has at his disposal an ever-increasing armament of 
powerful, but complex, instruments and methods for studying earth materials. The litera- 
ture dealing with these new tools is mostly periodical, is widely scattered, and is, in some 
cases, written for audiences other than those interested in earth-sciences. For these reasons 
this work of Smales and Wager is a very timely one, and a very welcome one. 

The book contains ten chapters (plus introduction), written by eleven experts, on 
methods of geochemical analysis (sensu vasto). These are: Collection and Preparation of 
Materials for Analysis; Analysis by Gravimetric and Volumetric Methods, Flame Pho- 
tometry, Colorimetry and Related Techniques; Spectrochemical Analysis; Fluorescent 
X-Ray Spectrography; Stable Isotope Geochemistry and Mass Spectrometric Analysis; 
Mass Spectrometric Isotope Dilution Analysis; Radiochemical Methods; Radioactivation 
Analysis; Polarography; Some Modern Chemical Separation Methods. 

The list of methods covered by the book is not an exhaustive one: no mention is made 
of such subjects as powder «-ray diffraction techniques, the electron probe, or geochemical 
and geobotanical prospecting, among others. This is a minor criticism—the authors have 
done an excellent job on a number of the most important methods. The book can be 
recommended both to practitioners of the methods covered, and to geologists who would 
like to know what laboratory techniques can be usefully applied to their problems. 

C. L. Curtst 
U. S. Geological Survey 
Washington 25, D.C. 
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}} METHODS AND TECHNIQUES IN GEOPHYSICS, VOLUME I. Edited by S. K. 
Runcorn, 374 pages, Interscience Publishers, 250 Fifth Avenue, New York, N. Y., 
1960. Price: $10.00. 


| The discussions in Volume I of this series treat subjects that are of primary interest to 
} investigators dealing with the solid earth. Methods of making measurements are stressed. 
Each section includes a discussion of the particular difficulties that are encountered in 
‘making measurements and some theory of the instruments employed. Illustrations in the 
form of line drawings and half-tone prints have been included generously. Each author 
‘had produced a condensation from a diversified bulk of publications. References at the 
pend of each chapter will be of great value to anyone wishing to pursue the types of measure- 
ment under discussion. 

Each chapter has been written to stand alone as an introduction to measurements 
‘in a particular phase of geophysics. This causes a lack of continuity from chapter to 
chapter. The subjects treated, with their respective authors, are: “Measurement of 
Temperature Gradient in the Earth,” by E. C. Bullard; “The Measurement of Heat Flow 
ipover Land,” by A. D. Misener and A. E. Beck; “Bore-hole Surveying,” by T. Gaskell; 
“Measurement of the Geomagnetic Blementa” by K. Whitham; “Measurements in 
[Paleomagnetism,” by D. W. Collinson and K. M. Creer; “The Measurement of Gravity 
‘at Sea,” by J. C. Harrison; “The Detection of Earth Movements. by P. L. Willmore; 
“Barth Currents,” by G. D. Garland; “‘Properties of Rocks under High Pressure aud Tem: 
perature,” by D. S. Hughes; “Latitude and Longitude, and the Secular Motion of the 
Pole,” by W. Markowitz. 


Joun DENOYER 
Department of Geology 
The University of Michigan 


UCRYSTAL-STRUCTURE ANALYSIS, by Martin J. BuERGER. John Wiley and Sons, 
| Inc., New York. xvii plus 668 pages, 329 figs. 1960. Price $18.50. 


This book is a very complete description of the various phases of crystal structure 
idetermination, as shown by the Chapter headings, as follows: 


Fundamental diffraction relations 

Quantitative aspects of «-ray diffraction 

Outline of a crystal structure analysis 

Selection of material 

Measurement of intensities. Geometrical and Physical factors affecting intensities 

Number and distribution of atoms in the unit cell 

The Structure Factor. Plane projections in structure-factor calculations 

Examples of the determination of some simple structures 

Fourier synthesis, general theory. Useful forms of Fourier synthesis 

Reciprocal Space. Symmetry in reciprocal space 

Applications of symmetry to Fourier summations 

Practical methods of summing Fourier series 

Phase determinations for structures having heavy or replaceable atoms. Phase deter- 
minations for certain special cases. Direct determination 

Refinement of structure 

Calculation of interatomic distances and angles. 


There are numerous illustrations and tables, and there is a list of references at the end 


jof each chapter. 
The reviewer knows of no other single publication in which such a large amount of 
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pertinent information is available. The author has thus added one mofe item to the already 

long list of his important contributions to the field of crystal structure determinations. 
Lewis S. RAMSDELL 
Mineralogy Department 
University of Michigan 


ADVANCES IN X-RAY RESEARCH, Vols. 1, 2 and 3. Edited by Witt1am M. MUELLER. 
Distributed by Plenum Press, Inc., N. Y. Prices: Vols. 1 and 2, $8.50 domestic, $10.00 
foreign, Vol. 3, $12.00 domestic and foreign. 2 


These three volumes represent the Proceedings of the 6th, 7th and 8th Annual Con- 
ferences on Application of X-ray Analysis, sponsored by the Denver Research Institute, 
University of Denver, for the years 1957, 1958 and 1959. The papers presented, with 
illustrations are included in these volumes as follows: Vol. 1, 32; Vol. 2, 26, and Vol. 3, 25 
papers. 
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TEN MORE YEARS OF NEW MINERAL NAMES 


MICHAEL FLEISCHER 


Ten years ago (Am. Mineral., 36, 630 (1951)), I summarized ten years 
of abstracting new mineral names. The table below is a similar summary 
of the abstracts in Volumes 36 through 45 of the American Mineralogist. 
hese are, of course, my opinions of the names proposed, and many of 
them are subject to argument. 

The most obvious points are that new names are being proposed at a 
cate more than double that of the preceding ten years, but that the per- 
centage that seem to be valid (56 per cent) is not much improved over the 
previous decade (47 per cent). More than ever, restraint and care in 
proposing new names is necessary to keep the science from being 
swamped. 


Total Identical Unneces- 
new Valid with sary Insufficient} Minerals 
names names known names for data discredited 
proposed minerals varieties 
1951 61 15 40 6 0) 13 
1952 Di 16 8 2, 1 12 
1953 18 16 1 1 0 7 
1954 29 22 1 3 3 Sil 
1955 40 21 4 9 6 7 
Y 1956 38 27 9 D 0) 5 
1957 42 Us; 4 10 5 25 
1958 53 31 6 13 3 15 
1959 54 31 5 7 11 20 
1960 57 32 6 11 8 4 
419 234 84 64 37 139 
1941-1950 164 di 22 33 32 85 


NEW MINERAL NAMES 


Schoderite, Metaschoderite 


D. M. Hausen. Schoderite, a new phosphovanadate mineral from Nevada. Bull. Geol. 
Soc. Am., 71, 1883 (1960) (abstract). 


The mineral occurs as yellowish-orange microcrystalline coatings associated with 
wavellite and vashegyite along fractures in phosphatic chert near Eureka, Nevada. It is 
in microscopic monoclinic, bladed tabular crystals, elongated parallel to (001). Unit cell 
dimensions a 11.4, b 15.8, ¢ 9.2 A., beta 79°. The strongest x-ray lines are 2.79-10, 9.6-10, 
11.1-5, 15.8 A.4. It is biaxial, positive, alpha 1.542, beta 1.548, gamma 1.566, 2V (calcd) 
60°, y=b. Formula 2Al,0;: P2O;: V20;- 16 H20. 

At room temperature in a dry atmosphere, the mineral dehydrates to metaschoderite, 
2A1,03-V205-P20;-12H2O. This rehydrates to schoderite on contact with water. Meta- 
schoderite has the same a, c, and beta as schoderite, but } shrinks to 14.9 A. Biaxial, posi- 
tive (given as negative), a 1.598, 8B 1.604, y 1.626, 2V 73° (calcd.), Z=b. The strongest 
x-ray line are 7.5-10, 14.9-6, 11.1-5, 3.02 A—3. 

The name is for William P. Schoder, research chemist, Union Carbide Nuclear Co. 

Discussion.—Presumably to be classed with the aluminum vanadates steigerite and 
al’vanite. 


MICHAEL FLEISCHER 
Unnamed Pt and Pd minerals 


I. B. Borovsku, A. N. DEEv, AND I. D. Marcuukova. Application of the method of local 
x-ray spectrographic analysis to the study of minerals of the platinum group. Geol. 
Rudnykh Mestorozhdenti 1959, No. 6, 68-73 (in Russian). 


A. D. GeNnkIN. Conditions of occurrence and features of the composition of minerals of 
the platinum group in the Noril’sk deposits. /bid., 74-84 (in Russian). 


Platinum minerals of the Noril’sk deposits were studied optically and analyzed by 
means of an electron probe. The following minerals appear to be new: 

Mineral No. 5.—Analysis gave Pd~70, Pb~30, Ag~1%, corresponding approx- 
imately to PdyPb. Occurs in chalcopyrite and cubanite as elongated crystals and fills inter- 
stices in sperrylite. Brownish tint. Reflecting power 65%. Weakly anisotropic. Relief 
less than that of platinum and sperrylite, greater than that of cubanite. Blackened by 
aqua regia, not etched by coned. HCl or HNO. 

Mineral No. 8.—Analysis gave Pd58, S~40, approximating PdS»:. X-ray diagram 
(not given) stated to be similar to that of braggite (Pt, Pd, Ni)S. Reflecting power low, 
44-45%. Weakly anisotropic, hardness medium, scratched by steel, microhardness 32 
kg/sq.mm. Relief greater than that of chalcopyrite or millerite. Not etched by aqua regia 
or concentrated acids. 

Mineral No. 6.—Analysis gave Pt~36, As~28, Ru~3%; it is not known what ele- 
ment is missing, perhaps osmium which could not be determined. In small (0.02-0.05 mm.) 
isometric crystals. Grayish-white, low reflecting power. Hardness and relief highest of all 
Pt minerals. Perhaps an osmian sperrylite? 


Data are also given for two alloys of Pt (Minerals No. 1 and 3) containing Pt 82-86.5, © 


Sn~8, Ir~5, Pd~2, Fe 0.5%, and Pt 75-76.4, Fe~10, Ir~6-8, Ni~3-4, Cu and Ag<1%; - 


sperrylite (Mineral No. 4) containing Pt 60-63, As 40, Sn 2-4, Rh~1%, stibiopalladinite 


(Mineral No. 7) containing Pd~73, Sb 25%, and a mineral, perhaps near stannopal-_ 


ladinite (Mineral No. 2) containing Pd 28, Pt~50, Sn~30, Ir~2.5%. 
M. F. 
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Niobozirconolite 


L. S. Boropin, A. V. Byxova, T. A. Kaprronova, anp Yu A. Pyatenxo. New data on 
| zirconolite and its niobian variety. Doklady Akad. Nauk. S.S.S.R. 134, 1188-1191 
| (1960) (in Russian). 


_ Two new analyses are given of zirconolite (AB;O7, nearly CaZrTisOz, see Am. Mineral. 
2, 581 (1957). One of these, from apatite-magnetite rocks of the Vuorijarvi massif, Kola 
Peninsula, is called niobozirconolite. Analysis by A. V. B. gave Ti0,.18.19, Nb:O; 24.84, 
a205 2.00, FexO; 1.11, ZrO: 25.00, UsO3 0.40, ThO2 2.90, CeO; 4.00, CaO 11.00, FeO 
}.00, MnO 0.38, Na,O 1.40, H.O 2.48, F 0.60, sum 100.30—(O=F») 0.25=100.05%. This 
orresponds to (Ca, Zr, Fet?)2 (Ti, Nb, Zr)sO7 with Ca:Zr about 1:1 and Ti:Nb=6:5. 
x. 4.51. Unit cell of cubic phase (presumably after heating M.F.).=5.03 A. This may 
se intermediate between zirconolite and pyrochlore, Ca Na Nb» (O, F)z, but further study 
5 required. 

| Discussion.—Unnecessary name for niobian zirconolite. 

LazareviCcite 

b B. Scrar anp Marija DRovENIK. Lazarevicite, a new cubic copper-arsenic from Bor, 
| Jugoslavia. Bull. Geol. Soc. Am.,71, 1970 (1960) (abstract). 


The mineral occurs as microscopic grains in copper ore from the Tilva Mika deposit, 
Gor, eastern Serbia. It is associated with enargite, luzonite, covellite, and pyrite. An elec- 
on-microprobe analysis gave Cu 52.5, As 12.5, Fe 1.9%. This with spectrochemical 
inalysis leads to the formula Cu; (Aso.¢s5Cuo.22Feo.13V tr.)Ss, ideally Cu;AsS,. Cubic, space 
jroup P43m, ao 5.28+0.01 (not stated whether A or kX), Z=1, G. caled. 4.39. 

The name is for M. Lazarevié, pioneer investigator of the geology and ore deposits of 
@or, 1908-1913. 

Discusston.—The name arsenosulvanite (see Am. Mineral., 40, 368-369 (1955)) was 
iven to Cu3(As, V)Ss with As: V=2:1. I would have preferred to see this name extended 
> the As end number, so that the series could be described in terms of two names only. 

M. F. 


Paulite, Ellweilerite 


f W. BirremMann. Die Uranmineralien vom Bihlskopf bei Ellweiler, Kreis Birken- 

feld/Nahe. Der Aufschluss, 11, No. 11, 281-283 (1960). 

The U deposit occurs in weathered porphyry. Minerals identified include pitchblende, 
offinite (?), zeunerite, boltwoodite, curite, and two new minerals. Paulite forms very thin 
hblets, light yellow, transparent, strongly fluorescent under U. V. It is partly intergrown 
vith zeunerite. Microchemical tests were obtained for Al, U, and As; it is suggested that 
is the As-analogue of sabugalite, HAI(UO:)2(PO,)-16H2O. Ellweilerite occurs with 
eunerite and partly intergrown with it. In thin tabular crystals and flaky aggregates, 
ght yellow to nearly water-clear. Fluoresces very strongly in short- and long-wave U.V. 
licrochemical tests showed Na, U, and As. The d-values (not given) are stated to agree 
-ell with those of Mrose (Am. Mineral., 38, 1159-1168 (1953) on synthetic Na analogue 
f uranospinite. 

The names are for Hans Paul, Gewerkschaft Brunhilde, and for the locality. 

Discussion.—The name sodium uranospinite has already been given to ellweilerite 
4m. Mineral., 43, 383-384 (1958)); the author considers the new name to be justified 
ecause the previously described material contained some calcium. I do not agree. The 
ame paulite has been used for hypersthene (Dana’s System, 6th Ed., p. 348) and is also 


466 NEW MINERAL NAMES 


easily confused with pallite (see Am. Mineral., 45, 256-257 (1960)). But above these _ 


considerations, names should not be given to minerals with such inadequate descriptions. 
M. F: 


Baotite (= Pao-t’ou-Kuang) 


V. I. Smonov. Baotite, a mineral with a metasilicate ring (SiO). Kristallografiya, 5, | 
544-546 (1960) (in Russian). 


A preliminary note on this mineral was abstracted in Am. Mineral., 45, 754 (1960). — 
In the Russian paper, the name is transliterated baotite. The formula is given as Bas(T1, ; 
Nb) sClOj6(SigOw). 
M. F. 
Garronite 


G. P. L. Watxer. The amygdale minerals in the Tertiary lavas of Ireland. III. Regional 
distribution. Mineralog. Mag. v. 32, 503-527 (1960). 


The information given is, ‘“The list includes a probable new zeolite, related to phillip- 
site, for which the name ‘garronite’ is tentatively suggested.” 
Discussion.—Names should not be given without descriptions; the mineral should 
have been referred to as a possibly new zeolite, without a name. 
M. F. 


Loughlinite 
J. J. Faney, Matcorm Ross, AnD J. M. AxELRop. Am. Mineral., 45, 270-281 (1960). 
Papagoite 
C. O. Hutron anp A. C. Vuisipis. Am. Mineral., 45, 599-611 (1900). 
Paratellurite 
GEORGE SWITZER AND H. E. Swanson. Am. Mineral., 45, 1272-1274 (1960). 
Paulingite 
W. B. Kamp Aanp W. C. OKE. Am. Mineral., 45, 79-91 (1960). 
Ranquilite 


M. J. pe ABELEDO, M. R. pE BENyAcar, AND E. E. Gattont. Am. Mineral., 45, 1078= 
1086 (1960). 


Reedmergnerite 
CHARLES Mitton, E. C. T. Cao, Anp J. M. Axetrop. Am. Mineral., 45, 188-199 (1960). 
Weeksite 


W. I. OuTERBRIDGE, M. H. Staarz, R. Meyrowirz, AND A. M. PomMER. Am. Mineral., 
45, 39-52 (1960). 


NEW DATA 


Teineite 


ANNA ZEMANN AND J. ZEMANN. Zur Kentniss des Teineits: Beitr. Mineral. u. Petrog., 7, 
436-438 (1900). 


Teineite has been considered to be Curs(SOy)3(TeOs)10-26H2O or perhaps Cul[(Te, _ 
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))Ox]-2H20 (Dana’s System, 7th Ed., 2, 635-636). Weissenberg study of type material 
thows it to have space group P 2,2) dy: the unit cell has a 6.63, b 9.61;, c 7.43, A. These 
re so close to the data for chalcomenite, CuSeO;-2H2O, that it is probable that teineite 
5 a tellurite, and not a tellurate. 

| The sp. gr. calculated for CuTeO,:2H:O is 4.08, for CuTeO;-2H0 is 3.85, determined 
|, .80. (But if the S shown in the analysis is included, the calculated sp. gr. is far too low; 
), new analysis is needed. M.F.) 


Eskebornite 


}3ERHARD TISCHENDORF. Uber Eskebornit von Tilkerode im Harz: Newes Jahrb. M imeral., 
Abhandl., 94 (Ramdohr Festband), 1169-1182 (1960). 


The formula of eskebornite has been given as FeSe and Fe;CuSe:. Two analyses of 
jynthetic preparations with a 5.53-5.55 A. (for natural material ap 5.53, A.) gave 
2u0.43Feo.g1Se and Cuo.55Feo.62Se, and an x-ray fluorescence analysis of another synthetic 
ipreparation gave Cuo.5;Feo.5sSe. The general formula may be (Cu, Fe);.1Se. X-ray powder 
hata are given. 


Koutekite 
JouHAN. Koutekit—CurAs, ein neues Mineral. Chem. der Erde, 20, 217-226 (1960). 


| A preliminary note was abstracted in Am. Mineral., 43, 794 (1958). New data given: 
juster metallic, streak black. Hardness 4-44. X-ray powder data are given for the mineral; 
Ley are identical with those for synthetic CuzAs and are clearly different from those of 
2-domeykite. The pattern is indexed on a hexagonal cell with @ 11.51, ¢ 14.54 A. The 
strongest lines are 2.078 (10) (142), 2.024 (10) (126), 1.994 (10) (050), 1.147 (9) (085), 1.324 
$)(170), 1.197 (8)(266,272), 1.178 (8)(084), 2.446 (7)(041), 1.374 (7) (261) (443), 3.33 
6) (030), 1.785 (6)(333). A perfect cleavage in one direction was noted in a synthetic 
preparation. Koutekite is replaced by an unknown copper arsenide and by lollingite. 

M. F. 


DISCREDITED MINERALS 


Gajite (= Calcite + Brucite) 


{. J. Baric. Gajit, ein Gemenge von Calcit und Brucit. Newes Jahrb. Mineral., Abhandl., 
94 (Ramdohr Festband), 1200-1202 (1960). 


Gajite, described in 1911 (Dana’s System, 7th Ed., vol: II, p. 264), was found by 


optical and x-ray study to be a mixture of calcite and brucite. ee 


Deltaite (= Crandallite -+Hydroxylapatite) 


W. T. Evperty anp S. S. GREENBERG. Deltaite is crandallite plus hydroxylapatite. Bull. 
Geol. Soc. Am., 71, 1857 (1960) (abstract). 


X-ray study of deltaite (Dana’s System, 7th Ed., p. 837) indicates it to be a mixture. 


Delatorreite (= Todorokite) 


C. Fronpet, U. B. Marvin anp J. Ito. Am. Mineral., 45, 1167-1173 (1960). 
J. A. SrraczeK, ARTHUR HorENn, Matcorm Ross, AND C. M. Warsuaw. Am. Mineral., 45, 
1174-1184 (1960). 
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Lesserite (=Inderite) 
W. T. SCHALLER AND M. E. Mrose. Am. Mineral., 45, 732-734 (1960). 
Pilinite (= Bavenite) 
GEORGE SWITZER AND L. E. REICHEN. Am. Mineral., 45, 757-762 (1960). 
Woodfordite (=Ettringite) 
Jos—EpH Murpocn Anp R. A. CHatmers. Am. Mineral., 45, 1275-1278 (1960). 
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I MEMORIAL OF HAROLD LATTIMORE ALLING 


Davip E. JENSEN, Ward’s Natural Science Establishment, Lne., 
Rochester, New York 


| Harold Lattimore Alling, former Vice-President of our society, passed 
kway at his home in Pittsford, New York on July 27, 1960. Though he 
had been hospitalized with cancer for several eek he was able to 
‘eview a part of the manuscript of his latest papers two days before he 
ied. 

The son of Joseph Tilden Alling and Rose Lattimore, he was born in 
: ochester, New York on Feburary 7, 1888. His grandfather on his 
Fnother’s side, Samuel Allan latuiore was Professor of Chemistry 
in the University of Rochester for forty-two years. His father was for 
many years Chairman of the University’s Board of Trustees. 

| After graduation from Rochester’s East High School, he entered the 
JUniversity of Rochester where he first became especially interested in 
physics, taking advanced work in addition to all of the available courses. 
PAt the suggestion of his grandfather, Professor Lattimore, he diverted 
his chief interest to geology and in 1915 he received his B.S. degree from 
the university with honors in geology. 

| The Alling family used to spend their summers at their camp near 
‘Keene Valley in the Adirondack mountains. It was quite natural, there- 
fore, that, with the stimulating guidance of Professor H. L. Fairchild, 
{Harold Alling’s first published paper would be on glacial lakes and other 
glacial features of the central Adirondacks. 

_ One summer he learned that Professor James Kemp of Columbia 
University was doing field work near Keene so he volunteered his serv- 
ices as Professor Kemp’s field assistant. This association firmly estab- 
iished a lively and lasting interest in the geology of the Adirondack re- 
gion. It also influenced him to enter Columbia University for graduate 
work. There he studied under Professors Kemp, Berkey, and Colony ob- 
taining his A.M. degree in 1917 and his PhD. in 1920. 

From 1917 to 1920 he served as geologist for the New York State 
Museum. During the first world war, he was engaged in the investigation 
of war materials under the direction of the National Research Council. 
A thorough survey of the Adirondack graphite deposits was made in 
the course of this work in the summer of 1917. The results of this study 
were published as a bulletin of the New York State Museum in 1918. 

The graphite studies could have adequately served for his doctorate 
at Columbia University but he had become intensely interested in the 
physical chemistry of the feldspars. Thus the mineralography of the 
feldspars became the topic of his doctorate. 
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In 1920 Dr. Alling returned to the University of Rochester as instruc- 
tor in geology, advancing to assistant professor in 1923 and becoming 
professor in 1924, and chairman of the Geology Department from 1924 
to 1946. He retired in 1953. He had a large part in the planning of the 
geology wing of the Chester Dewey Building on the River Campus of 
the University which was opened to students in the fall of 1930. Many of 
the good features of this building were soon sought for incorporation in 
geology departments elsewhere in the country. 

Dr. Alling was an inspiring teacher. He had the facility of using simple, 
everyday examples to get a point across. He was especially generous 
with his time and knowledge in helping graduate students and often 
aided them financially. He was a tireless researcher in the field and in the 
laboratory. His contributions to geologic literature number over 45 
papers and books. He was an enthusiastic photographer and made 
hundreds of photomicrographs of minerals and rocks that often illus- 
trated his publications. 

From 1931 to 1940 Dr. Alling was a Director of Ward’s Natural Sci- 
ence Establishment, Inc. To this post he brought wise counsel and sug- 
gestions for the development of teaching aids. Along the latter was a 
serics of geomorphological models which are being used in teaching 
elementary geology in all parts of the world. 

He was a Fellow of the Mineralogical Society of America and served 
as its Vice-President in 1936. He was a Fellow and Life Member of the 
Rochester Academy of Science serving as Secretary in 1920-1921. From 
1927 to 1932 he was Chairman of the Feldspar Committee of the National 
Research Council; Trustee of the Natural Science Association of the 
Catskills, 1945-1949; and Director of the Alling & Cory Co., 1938- 
1945; Fellow, American Geophysical Union. 

He scientific affiliations were numerous. He was a Fellow of the 
American Association for the Advancement of Science, the Geological 
Society of America, and the New York Academy of Science. He was a 
member of the Seismological Society, the Society of Economic Paleon- 
tologists and Mineralogists, New York State Geological Association 
(President 1932, 1941), American Institute of Mining, Metallurgical and 
Petroleum Engineers, the Geochemical Society, and the Rochester Sec- 
tion, American Chemical Society, and the New York State Archeological 
Society. He was a member of Psi Upsilon and Sigma Xi. 

On August#23, 1922, he married Merle Kolb who survives with three 
children, Joanna Tilden (Mrs. James D. Secrest), Rosamund Lattimore 
(Mrs. Philip J. Secrest) and Norman Larrabee Alling. 
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38, 795-804. 

The Geology and Origin of the Silurian salt of New York State: V. VY. S. Mus. Buu. 
Paths, Shes). 

A porphyritic monzonitic bentonite: 16th Bien. Rept., Vermont State Geologist, 290— 
291. 

The Genesis of some types of feldspar from granite pegmatites (with Olaf Anderson 
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The indices of refraction of the plagioclase feldspars: Jour. Geol., 37, 462-482. 

Falcon Island: Am. Jour. Sci., 18, 461-471 (with J. Edward Hoffmeister and Harry 
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The ages of the Adirondack gabbros: Am. Jour. Sci., 18, 472-476. 

Feldspars in the Adirondack anorthosite: Am. Mineral., 15, 267-271. 

Perthites: Am. Mineral., 17, 43-65. 

The Adirondack anorthosite and its problems: Jour. Geol., 11, 193-237. 

The position of the cotectic line between potash feldspar and plagioclase and their 
relations: Am. Jour. Sct., 25, 471-470. 

Quantitative microscopic methods: Econ. Geol., 28, 695-696. 

Petrography of the igneous rocks of Eua, Tonga: Bernice P. Bishop Mus. Bull. 96, 
39-49. 

Interpretative petrology of the Igneous Rocks: McGraw-Hill Book Co., Inc., New 
York, 353 pages. 

Petrology of the Niagara Gorge sediments: Proc. Rochester Acad. Sct., 7, 189-207. 

Plutonic perthites: Jour. Geol., 46, 142-165. 

Geology (Part I) and Geology (Part II) in “An Orientation in Science,” McGraw- 
Hill Book Co., Inc., New York, p. 84-116, 239-255. With C. W. Watkeys, Editor, 
and others. 
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Metasomatic origin of the Adirondack magnetite deposits: Econ. Geol., 34, 141-172. 

Review. Adirondack igneous rocks and their metamorphism (A. F. Buddington): 
Am. Mineral., 25, 305-307. 

A Diaphragm Method for grain size analysis: Jour. Sed. Petrology, 11, 28-31. 

The Adirondack magnetite deposits in ‘Ore Deposits as related to structural fea- 
tures’: Princeton Univ. Press, p. 143-146. 

A metric grade scale for sedimentary rocks: Jour. Geol., 51, 259-269. 

Grain analysis of minerals of sand size in ball mills: Jour. Sed. Petrology., 14, 103— 
114. 

Petrography of igneous rocks in “Geology of Lau, Fiji,” Bernice P. Bishop Mus. 
Bull. 181, p. 191-202. With Harry S. Ladd, J. Edward Hoffmeister, and others. 

Use of Microlithologies as illustrated by some New York sedimentary rocks: Bull. 
Geol. Soc. Am., 56, 737-756. 

Quantitative petrology of the Genesee Gorge sediments: Proc. Rochester Acad. Sci., 
9, 5-63. 

Diagenesis of the Clinton hematite ores of New York: Geol. Soc. Am. Bull., 58, 991— 
1018. 

Initial shape and roundness of sedimentary rock mineral particles of sand size: 
Jour. Sed. Petrology, 20, 133-147. 

Abrasion of nine minerals of sand size in ball mills: Am. Jowr. Sci., 249, 569-590. 

Cayugan of eastern United States: Geol. Soc. Am. Bull.,'70, 1561 (with L. I. Briggs). 

Stratigraphy of the Upper Silurian Cayugan evaporites: Am. Assoc. Petrol. Geol. 
Bull., 45, April 1961 (In Press) (with L. I. Briggs). 

Petrology of the Salina sediments of New York: Am. Assoc. Petrol. Geol. Bull. 
(Submitted for publication). 
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1 
MEMORIAL OF CIRO ANDREATTA 
| Paoto GALLiTELL, Universita di Bologna, Bologna, Italy 


Ciro Andreatta died on Feburary 6, 1960 after a short illness. He was 
Professor of Mineralogy at the University of Bologna, and a Fellow of 
lhe Mineralogical Society of America. He was born in Pergine in the 

rovince of Trento on January 23, 1906, and graduated from University 
of Padova in 1928 with a degree in Natural Sciences. He remained there 
us a graduate student (1929) and as an assistant (1930-1936) in the 
department of Mineralogy and Petrography. 
| In 1932 he became a docent in Mineralogy and attended for a year 
the Institute of Mineralogy and Petrography at the University of 
Innsbruck, where under the guidance of Bruno Sander, he studied the 
damental principles of modern structural rock analyses while also 
undertaking some original research of his own. In 1936 he was appointed 
\Professor of Mineralogy at the University of Messina where he re- 
wnained until he was called to the Chair of Mineralogy at the University 
ei Bologna in 1938. He remained there without interruption till his pre- 
imature death. He participated intensely in scientific activities, and from 
4953 on directed the “Centro di Petrotettonica”’ of the National Council 
of Research. In 1959 he was elected chairman of the Science Depart- 
ment at the University. In the years between 1938 and 1959 there 
were also other executive responsibilities: he was the representative 
af the academic faculty in the University’s Administrative Council. 
For his scientific merits, the National Academy of Lincei awarded 
him with the National Prize for Mineralogy in 1951. He was correspond- 
ent of the National Academy of Lincei, of the Academy of Science 
in Vienna and of the Geological Society of America; he was a Fellow of 
the Mineralogical Society of America; a member of the Mineralogical 
Society of London, of the Deutschen Mineralogischen Gesellschaft, of 
the Swiss Society for Mineralogy and Petrografy and of the Societa 
Mineralogica Italiana of which he was also a President from 1955 to 
1957. He was the Italian delegate in the “New Minerals’? Commission of 
the International Mineralogical Association. 

His scientific activity, as represented in more than one hundred publi- 
cations, began in 1928 with a series of research studies on Alpine minerals, 
such as chalcopyrite, pickeringite, and arsenopyrite (of this he described 
some rare twins). Others studies concerned bianchite, a new hydrated 
sulfate of iron and zinc, which was observed for the first time in the caves 
of Predil, and dannermoite in the Valley of Peio. 

However, Professor Andreatta performed the major part of his vast 
and intense studies in the petrographical research field where he emerged 
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{us a master because of his brilliant qualities of observation as well as his 
brofound knowledge of the optical phenomena of minerals. These quali- 
lies enabled him to solve through modern criteria many geological and 
spetrographical problems and also develop applications of Sander’s petro- 
eectonics of which he was the most qualified expounder in Italy. 

_ His first petrographical works, among which a noteworthy one is 
‘Ricerche Petrografiche sulla regione di Cima d’Asta,” were followed by 
h large amount of research regarding the orientation of various minerals 
jn metamorphic rocks. On the basis of this he established the orientation 
tule of olivine, cyanite, and anhydrite, of the “formazione dioritica 
KKinzigitica” of Val d’Ultimo and the crystaline rocks of Peloritani. But 
nis most significant contribution was the series of studies regarding rocks 
ot the Ortles Mountain area, extending for approximately 1800 square 
kilometers and containing mountain peaks close to 4000 meters high, 
bE which he had completed a geological and petrographical survey and 
pn the basis of which he succeeded in solving with modern criteria 
eological and petrographical problems using with originality the con- 
cepts of Petrotectonics. Within this general line of inquiry must be 
‘nentioned his work on polymetamorphism, as well as on the mobilization 
nad on the movements of matter which accompany tectonic metamorph- 
ssm, and on the phenomena of granitization. In the last few years he 
sad been actively working on other research projects, some of which 
nave not yet been completed. Among these is the study of the porphyritic 
“ermations of Val d’Adige—a work on which he left numerous manu- 
scripts, chemical analyses and observations which testify to his intense 
activity in this area. 

Other works concern the clay minerals of Puglie, in the area of Viterbo, 
on the Vicenza Alps, and on the mechanism of reticular degradation of 
‘eldspar and the transformation of mica into montmorillonite through 
sydromica. Finally there are some studies of ore deposits in the re- 
zion of Venezia Tridentina; in these studies the late Professor Andreat- 
ta indicates very clearly the genesis of these ores, with regard to the 
zeological history of the imbedded rock formation. 

Worthy of mention is also the excellent text book of mineralogy and 
srystallography prepared for the students attending the courses of nat- 
aral and geological sciences; this volume undoubtedly has high place 
among Italian texts on mineralogy. 

These are briefly the great merits of Ciro Andreatta which put him 

a high place among contemporary Italian mineralogists. But those 
who have known him cannot forget that in addition to being a valiant 
ind good scholar he was also a good, simple and reserved man who spoke 
‘arely, but always incisively—the man who was close to his family. 
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A man who was so sensitive that in the moments of solitude he could | 
portray his mountains of Trentino with a paint brush. He was the i 
less man who was able to inspire enthusiasm and affection in his number- 
less students who will always remember him with high regard. 
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MEMORIAL OF HAROLD EUGENE BUCKLEY 


W. A. DEER, Department of Geology, University of 
| Manchester, England 


| By the death, after a long illness, of Harold Eugene Buckley on 30th 
August, 1959, Britain lost one of its outstanding crystallographers. Born 
bn 19th November, 1897, at Bolton, Lancashire, Buckley attended the 
jocal primary school and infer Bolton Grammar School. During the First 
World War he served in France initially with the Grenadier Guards and 
jater, on being commissioned, with the Loyal North Lancashire Regi- 
jnent. On demobilization Buckley entered the Honours School of Chem- 
sstry in the University of Manchester, graduated in 1921 and took his 
qmaster’s degree the following year. At this time Sir Henry A. Miers was 

‘ice-Chancellor of the University and it was due largely to his influence 
that Buckley was attracted to work in the field of crystallography. 
Buckley was appointed assistant to Miers in 1923 and although his 
earlier work was primarily concerned with the optical anomalies in a 
«eries of isomorphous double tartrates it was apparent that his main in- 
«erests were in the growth, and the mechanism of growth, of crystals. 
On Miers’ retirement in 1926 Buckley was appointed to a newly estab- 
lished Lectureship in crystallography, an appointment which although 
dsosely associated with the department of physics allowed him the free- 
idom of an independent unit within the Faculty of Science. His absorbing 
interest in crystal growth was thus able to develop unfettered along the 
lines which he himself planned. Buckley’s attitude to crystallography 
was from the beginning highly individual and his independent approach, 
eo characteristic of the man himself, was heightened by his conscious 
intention not to become a mere appendage of the Bragg school of X-ray 
crystallography. 

In the thirties his work on the effects of ionic impurities on the growth 
of crystals was pursued with the greatest vigour and during this period 
he published in the Zeitschrift fiir Kristallographie some twenty papers 
which contain a wealth of detail on the experimental modification of 
crystal habit. The regularity of publication and the constancy with 
which his work appeared in the Zeitschrift were typical both of Buckley’s 
zeal and of his fierce independence. His earlier work had been published 
in the Mineralogical Magazine but shortly, as the result of a disagree- 
ment with the editor, the late Dr. L. J. Spencer, he declared and carried 
out his intention in future to publish elsewhere. There is no doubt that 
by some of his colleagues Buckley’s work was considered to be outmoded 
by the methods of X-ray crystallography. This attitude, however, served 
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mnly to strengthen his resolve to pursue his investigations which at this 
ime were unique among British crystallographers. 

| It is unlikely that Buckley himself foresaw the magnitude of the in- 
rest in crystal growth which developed during the Second World War, 
tr of the great increase in the needs of the telecommunications and 
dectronics industries for large clear crystals of substances with specific 
ihysical properties. During the early stages in the development of this 
Jew crystal-growing industry Buckley’s experience and knowledge was 
nvaluable and the successful beginnings of commercially grown crystals 
a the United Kingdom were in no small measure a consequence of the 
padiness with which he shared his knowledge with all who sought his 
idvice. The lack of a comprehensive account of crystal growth and dis- 
plution phenomena in English rendered Buckley’s service the more 
jaluable, but the awakened interest in both the experimental and theo- 
etical aspects of the subject emphasized the urgent need for a general 
extbook. In this field also it was Buckley who filled the breach and 
is book, Crystal Growth, was published in January, 1951. This work 
rhich at the time of publication was the most complete and modern 
iccount of the theory and practice of crystal growth is now generally 
iccepted as the standard text in this subject. 

Buckley was essentially a researcher but each year he gave a lecture 
ourse in crystallography. He was, however, unable to appreciate the 
stent of the gulf between his knowledge and enthusiasm and that of the 
ndergraduate; consequently few students voluntarily attended his 
lasses and many went away without appreciating either the usefulness 
r the elegance of crystallographic methods and techniques. To the 
esearch student, and to his colleagues, Buckley presented a very differ- 
at picture for he was always ready to give unlimited time and patience 
9 those who brought their problems to him. 

His university recognised Buckley’s academic distinction firstly by his 
ppointment to a Senior Lectureship in 1937 and finally to a Readership 
n 1952. He was elected to Fellowship of the Mineralogical Society of 
\merica in 1947. To those who knew him Buckley will be remembered 
ot only for the work he accomplished but also for the manner of its 
chievement based as it was on his fierce independence, great integrity 
nd complete singleness of purpose. 

He leaves a widow and four sons, the two eldest of which he had the 
he pleasure of seeing graduate in his own university. 
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Burnham Standish Colburn was born in Detroit, Michigan, December 
j 1872, and died in his home in Asheville, North Carolina, December 
1959. He was a descendant of Miles Standish, John iden: Edward 
pty, and Richard Warren, of the Mayflower, ond had served at one 
moe as Governor General of the General Society of Mayflower De- 
ndants. On November 21, 1900, he married Elizabeth G. Pierce, who 
ed on January 12, 1959. ae is survived by his brother, William B. 
‘burn, a son, Basten Standish Colburn, Jr., three daughters, Eliza- 
ith (Mrs. E. Wayford Willmar), Evelyn (Mrs. Evelyn C. Thorn), and 
we Louise (Mrs. J. Frazier Glenn, Jr.), and several grandchildren. 
‘Mr. Colburn received his B.S. in civil engineering at the University 
i Michigan in 1896. His first serious interest was in bridge building, 
Kt it soon veered to banking and from 1911 to 1913 he was vice-presi- 
at of the People’s State Bank in Detroit. Later he was Treasurer of the 
jitmore Estate Company, and from 1933 to 1953, President of the First 
ational Bank and Trust Company of Asheville, North Carolina, where 
had moved during the First World War. His interest in minerals ap- 
‘rently dated from his childhood, his father having owned a large iron 
une. Soon after moving to Asheville, he became acquainted with Joseph 
vde Pratt, State Geologist of North Carolina. He soon acquired a col- 
ttion of North Carolina minerals that was rated as the finest collection 
i its kind in the country, and a part of it was the Pratt collection, par- 
rularly rich in gemstones from North Carolina. His interests centered 
ithe southern Appalachian region, and the Spruce Pine area, with the 
any dumps at abandoned mica mines and at the operating mines, 
zlded him many good specimens. Among these were specimens from 
2 old emerald mine near Little Switzerland, the rare pitchblende from 
nland with its gaily colored alteration products, thin red garnets 
closed in sheets of mica, and sheets of white mica with included 
ystals of black mica and vice versa. These last were exhibited as trans- 
rencies in the windows of his mineral room. Many other nearby locali- 
‘s intrigued him immensely—Corundum Hill, Shooting Creek, Cowee 
‘eek, Mason Mountain. Perhaps his greatest “field excursion” was his 
opening, at great personal expense of both time and money, of the 
mous old hiddenite mine near Stony Point. 
Most of his collection was purchased in 1945 by friends and alumni of 
e University of South Carolina and presented to the university for 
rmanent exhibition in the Geology Department, as it was his wish 
at the collection should be kept intact in a place where it would be 
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vailable to all. The specimens that he kept for himself at that time, to 
wow to those who were interested, have now been donated by his family 
) form the nucleus of the Burnham S. Colburn Memorial Mineral 
iuseum at 170 Cove Avenue, Asheville, sponsored by the Southern 
jppalachian Mineral Society, founded by Mr. Colburn. 

| Mr. Colburn became a member of the Mineralogical Society of Amer- 
la in 1930. In December 1936, in recognition of his lifelong interest in 
jinerals and his great kindness and generosity to amateurs and pro- 
\ssionals alike, he was elected a Fellow. He served as Vice-President for 
ae year 1939. 

The writer is one of many who enjoyed and benefited greatly by know- 
ig this charming gentleman and his most hospitable family. No finer 
libute could be written about him than to quote the statement recorded 
lhen the Southern Appalachian Mineral Society was formed (and prob- 
bly written by Mr. Colburn himself)——‘‘The objects of this society are 
» promote good fellowship and better acquaintance among its members, 
b add to the available information regarding mineral deposits of both 
pmmercial and museum value, to make such information readily accessi- 
-e to the members, and to foster a free interchange of ideas.” 

In noting his passing, the Southern Appalachian Mineral Society 
»corded the following appreciation, “‘He welcomed friend and stranger 
» his home and to his office. He discussed minerals, he gave away specl- 
1ens, he loaned books, he did all he could to foster knowledge and inter- 
st In the mineral world.” 
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MEMORIAL OF AUSTIN BURTON EDWARDS 


"RANK L. STILLWELL, Commonwealth Scientific and Industrial Research 
Organization, University of Melbourne, Victoria, Australia. 


| Austin Burton Edwards Ph.D. Goud.) .Scr"(Melb.),. D.C. 
fAIM.M., was born in Melbourne in 1909 and educated at the Caul- 
yeld Grammar School where he was captain and dux in 1926. In 1927 
e commenced a science course at the University of Melbourne, became 
University half blue in football and graduated B.Sc. in 1930 with first 
ass honours in Geology. He was awarded the Howitt Natural History 
icholarship in Geology and later a Bartlett scholarship and then studied 
1e geology and petrology of the Black Spur area, Healesville. This was 
re subject of the first of 128 published contributions to geological 
hience with which Dr. Edwards is identified either as sole or joint 
Cer His second paper was a similar study of the Warburton area 
here the mountainous terrain gave full scope to his enthusiasm and 
laysical strength. These researches gained for him an 1851 Exhibition 
nd enabled him, with the award of a free passage to England, to con- 
‘nue his studies at the Imperial College of Science in London. Here he 
ained his Colours in athletics during his course of study on the Tertiary 
olcanic rocks and dykes in South Gippsland and Central Victoria for 
‘hich he was awarded a Ph.D. in 1934. 

He then chose to return to Australia and accepted an appointment as 
ssearch officer in the Mineragraphic Section of C.S.I.R. which was then 
pused in, and closely identified with the Geological Department of the 
‘niversity of Melbourne. Thus commenced an association with Dr. F. L. 
tillwell which became widely known through reports and publications 
id which endured, notwithstanding occasional attractive offers from 
werseas and elsewhere. There followed a series of studies of Australian 
ces and ore deposits which was extended to the examination of mill 
roducts and mill tailings and eventually to smelter products such as 
1attes, speisses and slags. 

His first independent Mineragraphic task was the study of the occur- 
nce of Mn in iron ore of Iron Knob in South Australia. He extended 
vis into a study of the iron ores of the Middleback Ranges. This was 
1e first of a series of studies of iron ores which culminated in the recogni- 
on and discovery of the oolitic iron ores in the Northern Territory and 
onstance Range in Queensland. 

At the same time he sustained a keen interest in petrological problems 
id completed at spare intervals various papers which he had initiated 
London, of which the more important were his studies on the Tertiary 
olcanic rocks of Central Victoria and the Differentiation of Dolerites 
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of Tasmania. In 1937 he shared the David Syme Research Prize awarded — 
by the Melbourne University with Professor R. D. Wright. He gained — 
his Doctorate of Science in 1942. , 

On the retirement of Professor Skeats from the chair of Geology at 
the University of Melbourne in 1941 he was invited to lecture to the ~ 
students on Mining Geology, pending the appointment of a lecturer in ~ 
Economic Geology. These lectures, which continued till 1953, aroused ~ 
his interest in Victorian coal and a series of papers on Wonthaggi and | 
Victorian brown coals originated which eventually elevated him to a — 
position of authority on brown coal and resulted in a request from the © 
State Electricity Commission to act as geological consultant for them. 
He was given permission by C.S.I.R.O. to accede to the request and the | 
fees for consulting were, by arrangement with C.S.I.R.O., allocated for | 
the purchase of equipment for the Mineragraphic Section. 

In 1946 a special post-graduate course was provided by the Geological — 
Department of the University of Melbourne for eight Indian graduates. — 
Dr. Edwards contributed to this course a series of lectures on minerag- _ 
raphy and ore textures. These lectures provided the basis for his book — 
entitled ‘‘Textures of Ore Minerals’”’ which was published by the Austral- 
asian Institute of Mining and Metallurgy in 1947. This publication met 
with world wide success and a demand for it in mining schools and 
universities quickly exhausted the first edition. Dr. Edwards then pre- 
pared a new and enlarged edition which appeared in 1954 and has been 
followed by a reprinting in 1960. Ore minerals and their textures was 
the subject chosen by Dr. Edwards for the Clarke Memorial Lecture 
which he was invited to give to the Royal Society of New South Wales 
in 1952. The last honour received by him was the award of the Clarke 
Memorial Medal of the Royal Society of New South Wales in 1960. 

In preparation for the Fiith | mpire Mining and Metallurgical Congress 
in Australia in 1953 Dr. Edwarcs initiated a symposium on the Geology 
of Australian Ore Deposits. It was organised by a committee appointed 
by the Australasian Institute of Mining and Metallurgy with Dr. 
Edwards as chairman. The result was a volume comprising 135 articles 
contributed by the leading geologists in the Commonwealth which were 
edited by Dr. Edwards with the gaps filled in with his own editorial 
contributions. Consequent on this work Dr. Edwards served as assistant 
editor of the Proceedings of the Institute until his departure overseas. 

In 1953 Dr. Edwards became Officer-in-Charge of the Mineragraphic 
Section when Dr. Stillwell reached the retiring age. The Section had 
moved out of the Geology building of the University in 1949 for new 
quarters in an adjacent building shared with the Commonwealth Depart- 
ment of External Affairs and the University Appointments Board. When 
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puilding for larger premises Dr. Edwards was able to acquire further 
ace to accommodate his increased staff and equipment. 

| Gradually over the years the scope of work undertaken by the Minera- 
‘raphic Section widened and in addition to the study of ores, igneous 
: cks and coal Dr. Edwards made contributions to sedimentary petrol- 
‘gy, geochemistry, meteorites and geomorphology. The sedimentary 
»etrology commenced with a study, jointly with G. Baker, of the Jurassic 
irkoses in Victoria and continued when the Mineragraphic Section was 
requested to examine the Mesozoic and Tertiary sediments of the Aure 
Yrough, Purari Valley and the Wahgi Valley in Papua. His interest in 
‘eochemistry arose in the last few years from studies of the selenium 
jontent in sulphide deposits and the distribution of cadmium, manganese 
ind iron in Broken Hill sphalerites. His descriptions of meteorites were 
| natural extension of his mineragraphic work, while his interest in 
-eomorphology absorbed him during his vacations. 

| From 1953 onwards he was a member of the Council of the Australasian 
‘nstitute of Mining and Metallurgy and, since 1949, a member of the 
Mouncil of Caulfield Grammar School. His early interest in football was 
4evived in later years when he accepted office as Vice-President of the 
Jniversity Football Club and coached the University Third football 
yeam for six years. 

Honours that came to him from overseas included a Corresponding 
fellowship of the Edinburgh Geological Society, nomination as Observer 
yor 1958/61 for the Commission on Geochemistry of the International 
Jnion of Pure and Applied Chemistry, and election as a Foreign Member 
‘f the Mineralogical Society of India. 

His overseas tour in 1960 to the mining fields in Europe and the 
‘entres of mineralogical research had been carefully planned even to 
he extent of acquiring some acquaintance with spoken Italian. He left 
with his wife on August 25th and travelled by air to Athens and after 
‘jsiting some mines in Greece he moved on to Italy. His Italian tour 
vas nearly completed when he collapsed and died in hospital in Rome. 
ie was buried in the Protestant cemetery in Rome. He is survived by 
is wife, three daughters and a son. 

With his death Australian geological science suffers the loss of an 
utstanding, unusually versatile and highly productive scientist whose 
lear thinking and rapid grasp of a problem was a constant help and 
‘uide to all associated with him. The loss of so brilliant and energetic a 
cholar at the height of his career is most keenly felt, both throughout 
Australia and overseas. 


492 FRANK L. STILLWELL 


° 
BIBLIOGRAPHY OF AUSTIN B. EDWARDS 
Books 


Textures of the Ore Minerals and their Significance, Aus. Inst. Min. Met. (Ist Edit., 
1947; 2nd edit., 1954), pp. 242, figs. 204. 

Editor: Geology of Australian Ore Deposits, Pub. Fifth Empire Min. Met. Congr., Austra- 
lia, 1953, Vol. I (Symposium: 135 articles, pp. 1300). 


GENERAL ARTICLES 


Mineral Resources of Australia: in “A ustralia—Its Resources and Development” (Ed. G. L. 
Wood), McMillan, 1947, Ch. XIV, 177-212. 

The Nature of Brown Coal: in Brown Coal, Its Mining and Utilization (Ed: Henderson), 
MAUPr 19551 CheilsLO-61e 

The Distribution of Brown Coal: [bid., Ch. III, 62-85. 

The Composition of Victorian Brown Coals: in Coal in Australia, Pub. Fifth Empire Min. 
Met. Congr., Australia, 1953, Vol. VI, 727-753. 

The Copper Deposits of Australia: Proc. Aus. Inst. Min. Met. No. 130 (1943), 105-171. 

The Mineral Resources of the Western Pacific Islands: [bid., Nos. 146-147 (1947), 75-227 
(in collaboration with M. F. Glaessner). 

Laboratory Studies in the Search for Minerals; /bid., Nos. 156-157 (1950) 1-10. 

The Ore Minerals and their Vextures (Clarke Memorial Lecture), Jour. Proc. Roy. Soe. 
N.S.W. 85 (1952) 26-46. 

The Present State of Knowledge and Theories of Ore Genesis, Proc. Aus. Inst. Min. Met. 
177 (1956) 69-116. 

Mineral Resources of Australia, in Encyclopedia Americana (new edition) 


MINERAGRAPHY 


The Iron Ores of the Middleback Ranges, South Australia; Proc. Aus. Inst. Min. Met. 
No. 102 (1936) 155-207. 

The Iron Ores of Yampi Sound, Western Australia; 7bzd., No. 110 (1938) 59-101 (in col- 
laboration with F. Canavan). 

Some Ilmenite Micro-structures and their Interpretation; /bid., No. 110 (1938) 39-58. 

Some Observations on the Mineral Composition of the Mount Lyell Copper Ores, Tas- 
mania and their Modes of Occurrence; /bid., No. 114 (1939) 61-110. 

The Haultain Super-Panner, Chem. Eng. Min. Rev., Sept. 1939. 

Note on Lollingite and the Occurrence of Cobalt and Nickel in the Broken Hill Lode; 
Proc. Aus. Inst. Min, Met., No. 114 (1939) 111-124 (in collaboration with F. L. Still- 
well). 

On the Mineral Composition of the Mount Oxide Copper Ore, Queensland; /bid., No. 118 
(1940) 83-95. 

A note on some Tantalum-Niobium Minerals from Western Australia; [bid., No. 120 
(1940) 731-744. 

ae ae from Cobar, N.S.W.; Zbid., No. 121 (1941) 1-10 (in collaboration with 

4. Stillwell). 

On ‘ ahs of Platinum and Palladium at the Thomson River Copper Mine, Vic- 
toria, with a Note on the Optical Properties of Braggite; Jbid., No. 125 (1942) 61-69. 
(in collaboration with J. S. Anderson and J. G. Hart). 

The Mineral Association of Tennant Creek Gold Ores; [bid., No. 126 (1942) 139-144 (in 
collaboration with F. L. Stillwell). 

The Mineragraphic Investigation of Mill Products of Lead-Zinc Ores, Jour. C.S.I.R., 
15 (1942) 161-174 (in collaboration with F. L. Stillwell). 


é 


MEMORIAL OF A. B. EDWARDS 493 


Che Chemical Composition of Leucoxene in Cainozoic Bauxite from Boolarra, Vic.: 
Miner. Mag., 26, (1942), 273-274. 

“he Composition of the Lead-Zinc Ores at Captain’s Flat, N.S.W.; Proc. Aus. Inst. Min. 

| Met., No. 129 (1943) 23-40. 

Mineral Composition of the Tin Ores of Renison Bell, Tasmania; [bid., No. 131-132 

| (1943) 173-186 (in collaboration with F. L. Stillwell). 

Cobaltite in the Broken Hill Lode; bid., No. 133 (1944) 21-27 (in collaboration with F. L. 

| Stillwell). 

‘he Mineral Composition of the Black Star Copper Orebody, Mount Isa, Queensland; 
Ibid., No. 139 (1945) 149-159 (in collaboration with F. L. Stillwell). 

an Occurrence of Sub-Microscopic Gold; /bid., No. 141 (1946) 31-46 (in collaboration with 
F. L. Stillwell). 

rolid Solution of Tetrahedrite in Chalcopyrite and Bornite; [bid., Nos. 143-144 (1946) 
141-155. 

)re and Granitization: Discussion; Econ. Geol., 44 (1949) 234-241 (in collaboration with 

| A. J. Gaskin). 

Natural Ex-Solution Intergrowths of Magnetite and Hematite; Amer. Mineral., 34 (1949) 

aco 701. 

s Mineragraphic Study of Mattes and Speisses from Port Pirie Smelters; Proc. Aus. Inst. 

Min. Met., Nos. 154-155 (1949) 29-38 (in collaboration with F. L. Stillwell). 

he Composition of Some Lead Blast Furnace Slags from Port Pirie; Zbid., Nos. 154-155 
(1949) 41-67. 

he Composition of Some Copper Slags from Port Kembla; Jbid., Nos. 154-155 (1949) 
69-84. 

he Composition of Some Copper Mattes; [bid., Nos. 154-155 (1949), 85-102. 

jzeobsite from the Tamworth District of New South Wales; Mineral. Mag., 29 (1951) 
338-341 (in collaboration with F. L. Stillwell). 

yome Occurrences of Supergene Iron Sulphides in Relation to their Environments of Depo- 

- sition; Jour. Sed. Petr.,21 (1951) 34-46 (in collaboration with G. Baker). 

yome Occurrences of Stannite in Australia; Proc. Aus. Inst. Min. Met., Nos. 160-161 
(1951) 5-59. 

Tineralogy of Middleback Iron Ores; in Geology of Australian Ore Deposits, Fifth Emp*re 
Min. Met. Congr., 464-472 (1953). 

4ount Oxide Copper Mine; Jbid., 391-395 (1953). 

‘onrad Lodes; Ibid., pp. 950-954 (1953) (in collaboration with M. Wade). 

mpergene Ore at the Girofla Mine, Mungana; Proc. Aus. Inst. Min. Met., No. 170 (1953) 
5-17 (in collaboration with E. Broadhurst). 

“he Mineral Composition of the Yerranderie Silver-Lead Ores; Ibid., No. 170 (1953) 73- 
101. 

‘he Composition of the Lead-Zinc Ores at Captain’s Flat, N.S.W., II; [bid., No. 170 
(1953) 101-131 (in collaboration with G. Baker). 

‘he Oxidation of Stannite Ore at the Sardine Tin Mine; [bid., No. 172 (1954) 65-79 
(in collaboration with G. Baker). 

anded Hematite Quartzites from the Middleback Range: South Australia; Bull. Geol. 
Surv. South. Aus. No. 33 (1954) App. II, 206-210. 

ranium Minerals from Mount Painter; Bull. Geol. Surv. South. Aus. No. 30 (1954) 94— 
114 (in collaboration with F. L. Stillwell). 

he Mineral Composition of Ore from the Hill 50 Gold Mine; Proc. Aus. Inst. Min. Met. 
No. 174 (1955) 33-42. 

he Composition of the Peko Copper Orebody, Tennant Creek; /bid., No. 175° (1955)! 55= 
82. 


494 FRANK L. STILLWELL » 


Hypogene Goethite at Peko Mine, N.T.: Australia; Am. M inonma’ (1956) 657-660. 
AOC es and Metasomatism at King Island Scheelite Mine; Jour. Geol. Soc. Aus., 
3 (1956) 55-98 (in collaboration with G. Baker and K. J. Callow). 

Uralite Dolerite Dykes in Relation to the Broken Hill Lode; Proc. Aus. Inst. Min. M et. 
No. 178 (1956) 213-232 (in collaboration with F. L. Stillwell). 

Mineralization at Aberfoyle Tin Mine, Rossarden, Tasmania; [bid., No. 181 (1957) 93— 
145 (in collaboration with R. J. P. Lyon). 

Microscopical Examination of Gold-Smelting Products; Indian Mining Jour., 5 (1957) 
317-319 (Special Issue: Symposium on Mineral Beneficiation etc., Jamshedpur, 1957). 

The Mineral Composition of the Maude and Yellow Girl Ore, Glen Wills, Victoria; F. L. 
Stillwell Anniversary Volume, Aus. I.M.M., (1958) 105-132. 

Oolitic Iron Formations in Northern Australia; Geol. Rundschau, 47 (2): (1958) 668-682— 
Australienheft. 

Discussion: Sedimentary Structures in the Metamorphic Rocks and Ore-Bodies, Broken 
Hill, N.S.W. by M. A. Condon; Proc. Aus. Inst. Min. Met., No. 189 (1959) 65-77. 

Contrasting Textures in the Silver-Lead-Zinc Ores of the Magnet Mine, Tasmania: Newes 
Jahrb. f. Min., Special Paul Ramdohr Festband, 94 (1960) 298-318. 

The Roper River Oolitic Ironstone Formations (in collaboration with G. W. Cochrane); 
Mineragraphic Investigations Technical Paper No. 1, C.S.1.R.O., Australia (1960). 


GEOCHEMICAL 


The Selenium Content of Some Australian Sulphide Deposits; Proc. Aus. Inst. Min. Met 
No. 172 (1954) 31-63 (in collaboration with G. C. Carlos). 

Cadmium in the Broken Hill Lode; Jbzd., No. 176 (1905) 71-96. 

Manganese and Iron in Broken Hill Sphalerites; /bid., No. 180 (1956) 97-117. 


METEORITES 


The Bond Springs Stony Meteorite; Mem. Nat. Mus. Melb., No. 12 (1941) 49-58 (in col- 
laboration with G. Baker). 

The Tawallah Valley Meteorite; Rec. Aus. Mus., 21 (1941) 1-8 (in collaboration with 
T. Hodge Smith). 

The Pakenham Meteorite; Proc. Roy. Soc. Vic., 54 (1942) 7-16 (in collaboration with 
G. Baker). 

A Note on the Micro-Texture of the Arltunga Meteorite; Rec. Aus. Mus, 21 (1943) 154- 
155; 

The Koraleigh Stony Meteorite; Mem. Nat. Mus. Melb. No. 13 (1943) 157-160 (in cok 
laboration with G. Baker). 

The Cranbourne Meteorites; /bid., No. 14 (1944) 23-35 (in collaboration with G. Baker). 

The Moorumbunna Meteorite; Trans. Roy. Soc. S. Aus., 70 (1946) 348-353. 

The Wedderburn Meteoritic Iron; Proc. Roy. Soc. Vic., 64 (1953) 73-76. 

The Lismore Meteoritic Iron, Victoria; [bid., 72 (1960) 93-94. 


CoaL AND COAL PETROLOGY 


Geology of the Wonthaggi Coalfield; Proc. Aus. Inst. Min. Met. No. 134 (1944) 1-54 
(in collaboration with G. Baker She J. Knight). 

The Composition of Victorian Brown Coals; [bid., No. 140 (1945) 205-280. 

Clarain and Durain in Greta Coal; /bid., No. 145 (1947) 38-45 (in collaboration with 
B. Langham). 

Coal Types in the Yallourn and Latrobe Brown Coal Seams; Ibid., Nos. 146-147 (194) 
23-69, 


| 4 


i MEMORIAL OF A. B. EDWARDS 495 


nme Effects of Folding on the Moisture Content of Brown Coal; Ibid., Nos. 150-151 
| (1948) 101-112. 

val Types in the Maddingley Brown Coal Seam, Bacchus Marsh; /bid., Nos. 150-151 
| (1948) 113-115. 

‘ank and Type of Some Australian Coals; Fuel, 29 (1950) 125-133. 

sisain in Some Victorian Brown Coals; Proc. Aus. Inst. Min. Met. No. 170 (1953) 47-71. 


SEDIMENTARY PETROLOGY 


jrassic Arkose in Southern Victoria; Proc. Roy. Soc. Vic. 55 (1943) 195-228 (in collabora- 
tion with G. Baker) 

le Glauconitic Sandstone of the Tertiary of East Gippsland; Ibid., 57 (1945) 153-166. 
he Petrology of the Miocene Sediments of the Aure Trough, Papua; Jbid., 60 (1950) 
| 123-148. 
ne Petrology of the Cretaceous Greywackes of the Purari Valley, Papua; [bid., 60 (1950) 
| 163-171. 

esozoic and Tertiary Sediments from the Wahgi Valley, New Guinea; Ibid., 64 (1953) 

93-112 (in collaboration with M. F. Glaessner). 
i 


IGNEOUS AND METAMORPHIC PETROLOGY 


xe Geology and Petrology of the Black Spur Area, Healesville; Proc. Roy. Soc. Vic., 44 
(1932) 49-76, 
fhe Geology and Petrology of the Warburton Area, Victoria; /bid., 44 (1932) 168-181. 
2 the Dacite-Granodiorite Contact Relations in the Warburton Area; Jb7d., 44 (1932) 
182-194. 
lertiary Dykes and Volcanic Necks of South Gippsland, Victoria; [bid., 47 (1934) 112-132. 
laree Olivine Basalt-Trachyte Associations and Some Theories of Petrogenesis; [bid., 48 
(1935) 13-26. 
m the Occurrence of Almandine Garnets in Some Devonian Igneous Rocks of Victoria; 
- Ibid., 49 (1936) 40-50. 
m the Occurrence of Quartz-Tourmaline Nodules in the Granite of Clear Creek, near 
- Everton; [bid., 49 (1936) 11-17. 
he Igneous Rocks of North-Eastern Benambra; /bid., 50 (1937) 69-96 (in collaboration 
with J. G. Easton). 
wartz Diorite Magma in Eastern Victoria; [bid., 50 (1937) 97-109. 
he Tertiary Volcanic Rocks of Central Victoria; Quart. Jour. Geol. Soc. Lond., 94 (1938) 
243-320. 
strology of the Older Volcanic Rocks of Victoria; Proc. Roy. Soc. Vic., 51 (1938) 73-98. 
ertiary Lavas from the Kerguelen Archipelago, B.A.N.Z. Antarctic Research Exped., 
1929-31, Reports Ser. A, Vol. II, Pt. 5, (1938) 72-99. 
he Formation of Iddingsite; Am. Mineral., 23 (1938) 277-281. 
holeiite Basalts from Cape Gosselin, Western Australia; Jour. Roy. Soc. W.A., 22 (1935- 
36) 19-23. 
ertiary Tholeiite Magma in Western Australia; [bid., 24 (1937-38) 1-12. 
ranites of King George Land and Adelie Land,” Australasian Antarctic Exped., Sci. Repts. 
Ser. A, Vol. IV, Pt. 3 (1940) (in collaboration with H. S. Summers). 
he Cainozoic Volcanic Rocks of the Gisborne District, Victoria; Proc. Roy. Soc. Vic., 52 
(1940) 281-311 (in collaboration with W. Crawford). 
me Cambrian Basalts from the East Kimberley, W.A.; Jour. Roy. Soc. W.A., 26 (1939- 
40) 77-94 (in collaboration with E. de C. Clarke). 
ne Crinanite Laccolith of Circular Head, Tasmania; Proc. Roy. Soc. Vic., 53 (1941) 
403-415. 


I 
: 
| 
| 
| 
| 


496 FRANK L. STILLWELL 


ee i aa te 


Some Basalts from the North Kimberley, W.A.; Jour. Roy. Soc. W.A., 27 (1940) 79-93. i 

Differentiation of the Dolerites of Tasmania; Jour. Geol., 50 (1942) 451-480; 579-610. 

Contact Phenomena in the Morang Hills, Victoria; Proc. Roy. Soc. Vic., 56 (1944) 19-34 
(in collaboration with G. Baker). E 

Alkali Hybrid Rocks of Port Cygnet, Tasmania; [bid., 59 (1947) 81-115. 

The Petrology of the Cainozoic Basaltic Rocks of Tasmania; [bid., 62 (1950) 97-120. 

Petrology of the Principal Talc Deposits in South Australia; Bull. Geol. Surv., S. Aus. 
No. 26 (1952) (in collaboration with F. L. Stillwell). 

Crinanite-Picrite Intrusions in the Nebo District of New South Wales; Proc. Roy. Soc. 
Vic., 65 (1953) 9-29. 

Scapolitization in the Cloncurry District of North-Western Queensland; Jour. Geol. Sag 
Aust., 1 (1954) 1-33 (in collaboration with G. Baker). 

Man canierove Dolomites and Related Rocks from the Middleback Range, South Austra-: 
lia; Bull. Geol. Surv. S. Aus. No. 33 (1954) App. III, 211-213. 

Petrological Study of Rocks from the Middleback Range and Environs; [bid., No. 33 
(1954) App. IV, 214-230. 

Petrology of the Bauxites of Tasmania; C.S.I.R.O., Melb., 1955, pp. 45. 

The Rhyolite-Dacite-Granodiorite Association of the Dandenong Ranges; Proc. Roy. Soc. 
Vic., 68 (1956) 111-149. | 

Amphibolites from the Broken Hill District; Jowr. Geol. Soc. Aus., 5 (1958) 1-32. 


| 


GEOMORPHOLOGY 


The Age and Physiographical Relationships of Some Cainozoic Basalts in Central and 
Eastern Tasmania; Pap. Proc. Roy. Soc. Tas., (1938) 169-199. 

A Note on the Physiography of the Woori Yallock Basin; Proc. Roy. Soc. Vic., 52 (1940) 
336-341. 

On a Remnant of a Stripped Peneplain of Palaeozoic Age at Mount Sedgwick in Western 
Tasmania; Pap. Proc. Roy. Soc. Tas., (1941) 19-22. 

The North-West Coast of Tasmania; Proc. Roy. Soc. Vic., 53 (1941) 233-260. 

Storm-Wave Platforms; Jour. Geomor ph., 4 (1941) 223-236. 

The San Remo Peninsula; Proc. Roy. Soc. Vic., 54 (1942) 59-74. 

A Dome-like Structure in the Jurassic Rocks of South Gippsland; /bid., 54 (1942) 224-228. 

The Geology of Philip Island; Jbzd., 57 (1945) 1-16. 

Wave Action in Shore Platform Formation; Geol. Mag., 88 (1951) 41-49, 

Wave-cut Platforms at Yampi Sound, W.A.; Jour. Roy. Soc. W.A., 41 (1958) 17-21. 


‘se 
a 


é 


THE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


MEMORIAL OF JOHN TIPTON LONSDALE 


IE | 
E, Wn. Hetnricu, Mineralogy Department, University of Michigan. 
| 


John T. Lonsdale died suddenly and unexpectedly of a heart attack 
» October 5, 1960 at 1:30 a.m. at his home in Austin, Texas. To those 
ho never knew him this can be read as a simple statement of fact. 
Dr those of us who knew him and thus loved him no amount of repeti- 
bn will ever convince us that it is completely true. 
‘Who can portray a man by parading the sequence of his life events? 
shn Tipton Lonsdale, born November 8, 1895 at Dale, Iowa was the 
dest son of John Dye Lonsdale and Eva Mary Lonsdale, nee Connor. 
‘ter an elementary school education at Dale and high school training 
Guthrie Center, he was awarded his B.A. (1917) and M.S. (1921) 
_the University of Iowa. His studies were interrupted from 1917 to 
M19 when he served as First Lieutenant in the Army of the United 
ates during which time he was cited for bravery by both the United 
ates and Italian governments. 
Upon his return from war he married Edna Gertrude Von Arnam on 
august 13, 1921. Mrs. Lonsdale recalls a long personal debate in deciding 
nether to resume with geology or to continue as a professional military 
an; he had received a commission as a first lieutenant in the post-war 
my. Geology won and he began his professional career as Assistant 
-ofessor of Geology at the University of Virginia and Assistant Geolo- 
st with the Geological Survey of Virginia (1921-1924). The Degree of 
octor of Philosophy in Geology was awarded him by the University of 
‘rginia in 1924. 
At the University of Oklahoma he served as Assistant Professor of 
cology in 1924 and continued as field geologist for the Oklahoma 
ecological Survey in the summers of 1924 and 1925. His career with 
e Texas Bureau of Economic Geology began in 1925 when he became 
sociate geologist, rising to geologist in 1927. From 1928 to 1935 he 
as Professor of Geology and chairman of the geology department at 
sxas A. and M. College, a combination of posts he also held from 1935 
1942 at Iowa State College. While at College Station, Texas, he was 
30 geologist for the Missouri Pacific Railroad. He returned to military 
rvice from 1942 to 1945 as Lieutenant Colonel and Colonel, General 
aff Corps and continued as a colonel in the U. S. Army Reserve until 
53. 
In 1945 he was recalled to become Director of the Texas Bureau of 
-onomic Geology and Professor of Geology with graduate rank, posi- 
ms he held at the time of his death. To the complex duties of this 
‘manding situations he brought devotion, energy, intelligence and good 
dgement, efforts that rapidly placed the Bureau into the foremost 
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aks of state geological surveys. His own geological interests centered 
pund petrology, ground water, and economic geology. Special mention 
puld be made of his initiation of a comprehensive investigation of the 
ineral resources of the State of Texas and of his painstaking and 


jginal studies of the igneous rocks of the Big Bend National Park, 
» Terlingua-Solitario region and the Balcones fault region. His geo- 
jical interests were catholic, his strivings devoted, his achievements 
lid. 
he scientific and honorary societies which he faithfully served were 
Lny’: Sigma Gamma Epsilon, Sigma Xi, Society of Economic Geolo- 
its, Geological Society of America (fellow), Mineralogical Society of 
herica (fellow), American Association for the Advancement of Science, 
herican Association of Petroleum Geologists, American Institute of 
ining, Metallurgical and Petroleum Engineers and Society of Eco- 
mic Paleontologists and Mineralogists. Numerous committees of many 
{these and other organizations obtained his services, and in 1959 he 
/s vice-president of the Association of American State Geologists and 
/s president-elect of this organization at the time of his death. 

is manifold interests were also manifest in his non-professional 
-ivities. He was active in the Austin Rotary Club, collected guns and 
-ed to hunt on a deer lease held with a group of friends for over 15 
urs. Humble in demeanor, modest in word, and true in thought he 
‘s a devoted friend and a delightful companion. In recognition of his 
‘vices to his country, his ashes have been interred at Arlington National 
ymetery. 
‘As these words are written at the desk in his study in the house that 
ihim was home, in view of his books, guns and other belongings that, 
“v upon his passing have reverted to inanimate matter, it is clear that 
‘s outline is but that. It remains for the memories of his friends to 
mplete the picture. John Lonsdale is survived by a great sense of loss, 
| his wife, a sister and a brother and, though he had no sons, we, his 
-dents, also remain. 
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MEMORIAL OF GRAHAM STEWART MacKENZIE 
W. E. Hate, Geology Department, University of New Brunswick. 


The sudden passing of Graham Stewart MacKenzie on May 5, 1960 
nocked and saddened his many friends who sincerely Seren ker with 
s wife Alice, his two sons Blake and Ross, his father, four brothers and 

o sisters. 

_Graham MacKenzie was born in Toronto in 1905 but spent most of 
's early years in Winnipeg. He graduated from the University of Mani- 
bba with the degree of Bachelor of Science in 1929. He attended the 
Miversity of Toronto and received from there the degrees of Master of 
rts and Doctor of Philosophy in 1930 and 1934 respectively. His Ph.D. 
esis entitled “Some Post-Cambrian Mineral Deposits of the St. 
awrence Basin,” involved a combination of his major interests; eco- 
pmic geology, mineralogy and chemistry. 

| From 1928 until the completion of his academic training at Toronto 
, 1934, he worked in the provinces of Manitoba, Ontario and Quebec. 

e gained from E. L. Bruce, J. M. Thompson and B. T. Denis excellent 
La interesting field training and experience which was to become so 
zluable to him during subsequent years as geologist and teacher. From 
nese early travels and associations he also developed a collection of 
necdotes and stories of the ‘‘bush” which never failed to interest and 
jtertain his students and friends. 

Graduating during the depression, Graham’s qualities, experience and 
aining served him well and he joined the staff of the Quebec Bureau 
F-Mines where he worked under the direction of the late J. A. Dresser 
ur whom he frequently expressed great respect and admiration. 

fn 1935 Alice Ross, originally of Bridgewater, N.S. became Mrs. 
wraham MacKenzie and during the next 25 years she graciously and 
mietly combined her natural social talents with those of her husband 
1 a manner which made their home a friendly, informal and intellec- 
ially stimulating haven for students, professors, professional colleagues 
nd the many friends who came to know and respect them through the 
ears. 

Graham joined the staff of the University of New Brunswick in 1937 
nd became Professor and Head of the Department of Geology in 1945. 
"he Department grew rapidly in quality and numbers of students under 
is leadership, and during his last years, a program of post- graduate 
‘aining and research was developed w hich gained for the department 
nd the university, reputation and respect in many quarters. In 1957 
udents and former students organized a dinner and presentation to 
emonstrate in a simple but serious fashion their thanks for the many 
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‘extra’ kindnesses they had received from Graham and Alice MacKenzie. 

He served his adopted province with enthusiasm and distinction in the. 
field as well as in the classroom and laboratory. He worked for the’ 
federal and provincial surveys, unravelling some of the problems of 
Appalachian Geology in New Brunswick and always gave freely of his 
time to encourage, advise and assist those, either professional or ama-_ 
teur, interested in rocks and minerals. 

The discovery of the large base metal deposits in Northern New 
Brunswick is rightly credited to an early program of exploration” 
which Graham MacKenzie devised and directed. Although the material | 
aspects of his life did not vary greatly as a result of his endeavors, 
his modest pride in achievement was a more important compensation. 

It was however to his students that Graham devoted the bulk of his” 
energies and his genuine interest and warm sympathy endeared him to 
faltering freshmen and aggressive graduates alike. His office door was” 
always open and students of all departments found in ‘‘Doc’”’ Mac- 
Kenzie a willing, sincere, respected and capable confidant. His unselfish 
service to many worthy organizations and university committees re- 
flected the respect and unassuming authority which he commanded from 
within and outside academic circles. 

In part as recognition of his contribution of the discovery of the base 
metal deposits in the Bathurst-Newcastle camp, the University of New 
Brunswick conferred on him an honorary Doctorate in Science in 1953 
and Mount Allison University granted him posthumously an honorary 
Doctorate in Law in May, 1960. He was a Fellow of the Royal Society 
of Canada, a Fellow of the Geological Association of Canada, a Member 
of the Canadian Institute of Mining and Metallurgy, a Fellow of the 
Mineralogical Society of America, a Member of the Mineralogical As- 
sociation of Canada and the Canadian Institute of International Affairs. 
He also served the Canadian Advisory Committee on Research in the 
Geological Sciences. 

Graham MacKenzie’s warm friendliness, good humour, keen intel- 
ligence and modest mien will be remembered and missed especially by 
his students and colleagues within the much larger number of his friends 
and acquaintances. 


SELECTED List OF PUBLICATIONS BY GRAHAM STEWART MACKENZIE 


(with D. R. Derry) Geology of the Manitoba-Ontario Boundary Line (12th Base Line to 
Latitude 54), Annual Report, Ont. Dept. of Mines, 1931, Part II, 40. 

Pusticamica Lake Map Area, Abitibi District: Que. Bur. Mines, Ann. Rep. for 1934, Part 
C, 1935, 45-64. 

Madeleine Lake Gold Discovery: Que. Bur. Mines, Ann. Rept. for 1934, Part A, 1935, 
125-132. 
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Field Report on the Currie Township Map Area: Que. Bur. Mines, Prelim. Rep. 105, 1935. 

Currie Map Area, Abitibi District: Que. Bur. Mines, Ann. Rept. for 1935, Part B, 1936, 
81-108. 

Mining Properties of the Chibougamau-Opemisca Region: Que. Bur. Mines, Prelim. Rep. 
111, 1937. 

The Arntfield Area, Abitibi County: Que. Bur. Mines, Prelim. Rep. 122-B, 1938. 

The Halliwell Mine Map Area: Que. Bur. Mines, Prelom. Rep. 131, 1939. 

Fortune Lake and Wasa Lake Map Areas, Dasserat and Beauchastel Townships: Qvwe. 
Bur. Mines, Geol. Rep. 5, 1940. 

The St. Stephen Area, Charlotte County, Paper 40-6, NV. B. Dept. of Lands and Mines, 
1940. 

Halliwell Mine Map Area, Beauchastel township: Que. Bur. Mines, Geol. Rep. 7, 1941. 

The Mt. Champlain Map Area: Report of the N. B. Dept. of Lands and Mines, 1941. 

Lead, Zinc and Silver Prospect at Reserve Brook, Queens County, N. B.: Paper 42-1, © 
N. B. Dept. of Lands & Mines, 1942. 

The Bathurst Iron Mine Report & Map: NV. B. Dept. of Lands and Mines, 1943. 

The Mt. Pleasant Map Area, N. B. Prelim. Map: N. B. Dept. Lands and Mines, 1943. 

The Reserve Brook Lead-Zine Deposit, New Brunswick: Acadian Naturalist, 1943. 

Clones Coal, Queens County, Paper 44-2, N. B. Dept. Lands and Mines, 1944. 

The Vernon Copper Mine: Paper 45-1, N. B. Dept. of Lands and Mines, 1945. 

The Crock Point, Macnataquac Dam-Sites: V. B. Resources Development Board, 1945. . 

(with F. J. Alcock) The Sussex Map-Area, NV. B.: Geol. Surv. Canada, Map 845A, 1946. 

Bathurst Iron Mine, New Brunswick: Paper 49-2, NV. B. Dept. Lands and Mines, 1949. 

The Hampstead Map-Area, New Brunswick: Geol. Surv. Canada, Paper 51-19, 1951. 

The Westfield Map-Area, New Brunswick: Geol. Surv. Canada Paper 51-15, 1951. | 

(with F. J. Alcock) Geology of the St. Stephen Area, Charlotte Co., N. B.: Map 1096A, 
Geol. Survey of Canada, 1960. | 
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PRESENTATION OF THE ROEBLING MEDAL TO 
TOM. F. W. BARTH 


GEORGE TUNELL, University of California, Los Angeles, California. 


Mr. President, Fellows and Members of the Mineralogical Society of 
America, and Guests: 

In 1936 the Council of the Mineralogical Society of America directed 
that a gold medal be designed in honor of Colonel Washington Augustus 
Roebling, a noted civil engineer who had long been interested ia miner- 
alogy and who had served as Vice-President of the Society in 1924. The 
Council further indicated that this medal was to be awarded for impor- 
tant contributions to the mineralogical sciences both in the United States 

and in other countries. 

The award this year will be the nineteenth and the first to a Norwegian 

mineralogist. The person selected by the Council to be the recipient, 
Prof. Tom. F. W. Barth, was born in Norway in the town of Molde in 
1899. A few months later he was taken to Bosekop, a small settlement 
near the North Cape, where he lived until he entered school at Trond- 
hjem. In 1919 he entered the Royal Frederic’s University in Oslo, and 
there became a student of Prof. W. C. Brégger, whose investigations of 
the.igneous rocks of the Oslo province are classical. As early as 1894 
Brégger had concluded that within a series of congenetic igneous rock 
types, the differentiation was determined by the laws of crystallization. 
From 1924 to 1927 Barth came under the stimulating influence of Prof. 
VY. M. Goldschmidt and participated in some of Prof. Goldschmidt’s 
researches on crystal structures and the geochemical distribution of the 
elements. In 1927 he received the degree of Doctor of Philosophy from 
Oslo University. In 1927 and 1928 he was an Assistant Professor in the 
Technische Hochschule in Berlin and in 1928 and 1929 he held a similar 
position in the University of Leipzig. From 1929 until 1936 he was a 
member of the scientific staff of the Geophysical Laboratory of the 
Carnegie Institution of Washington. In 1936 he returned to Norway to 
become a Professor in Oslo University and Director of the Mineralogisk 
Institutt, and he held these positions through the Second World War. 
For a time he was confined in a prison camp by the German army along 
with many other members of the University faculty, but his scientific 
research was continued in spite of many handicaps. In 1946 Dr. Barth 
joined the faculty of the University of Chicago as Professor of Geo- 
chemistry, but after three years he returned once more to his native 
land to assume the post of Director of the Mineralogisk-Geologisk Mu- 
seum and to resume the position of Professor in Oslo University. Since 
then he has left Norway only briefly. 
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_ Dr. Barth’s researches have covered a wide range of subjects in 

ineralogy, petrology, and geochemistry. His x-ray study of perovskite 
and dysanalyte in 1925 showed that their atomic arrangement is a simple 
one of approximate cubic symmetry, but actually of lower symmetry. 
A few years later in collaboration with Dr. E. W. Posnjak he determined 
the atomic arrangement of ilmenite. Its structure is similar to that of 
ematite, but its symmetry was proved to be lower because an atom of 
titanium takes the place of every other iron atom in the hematite unit 
cell. A very comprehensive investigation of the structures of the spinel 
group of minerals and related artificial compounds was carried. out by 
Dr. Barth and Dr. Posnjak in the course of which they discovered that, 
while some of these minerals have the classical type of structure described 
oy W. H. Bragg and by S. Nishikawa for spinel and magnetite, on the 
other hand magnesioferrite and several related artificial compounds have 
1 remarkably different structure. In magnesioferrite 8 of the trivalent 
ron lons occupy one set of equivalent positions and the other 8 trivalent 
ron ions together with the 8 divalent magnesium ions are statistically 
Jistributed over one set of equivalent positions in a disordered manner. 
Previous to the work of Barth and Posnjak it had not been recognized 
‘hat in a pure chemical compound atoms or ions of two or more chemical 
slements might be distributed statistically in a disordered way over one 
‘et of equivalent positions. An x-ray investigation by Dr. Barth of the 
<odalite family of minerals in which variate atom equi-points are also 
»xresent, cleared up confusion of long standing concerning the chemical 
ermulas of noselite and haiiyne and gave an accurate picture of the 
ifomic arrangements in these minerals. 

I have mentioned some of the x-ray researches of Prof. Barth first, 
»xecause I am more cognizant of his crystallographic contributions than 
f his field investigations. From his student days, however, he has spent 
nuch time mapping the igneous and metamorphic rocks in numerous 
Norwegian and American areas and working out their petrogenetic 
elations. As a result of his studies of the plutonic rocks in the Oslo 
-rovince, Barth concluded that the development of the principal plutonic 
ock series of this Province was conditioned by the development of 
arious mineral reaction series, particularly by the two reaction series of 
he feldspars. 

He has also carried out extensive investigations of the granitic and 
neissic rocks of southern Norway near Kristiansand and determined 
he approximate temperatures at which they were formed by the use 
f the distribution ratio of soda in coexisting feldspars as a temperature 
idicator. Barth’s general conclusion is that the pre-Cambrian granites 
f southern Norway were mostly formed by anatexis, although there are 
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three granitic bodies in this region that exhibit sharp contacts and that 
crystallized at temperatures about 150° C. higher than those at which 
the encasing gneisses were metamorphosed; these three granitic masses 
he believes were emplaced as hot crystalline bodies. In a petrographic 
investigation of basalt lavas from many parts of the world Barth has 
shown that the various types have originated mainly by crystal frac- 
tionation, and he further demonstrated that in almost all basaltic lavas 
only one pyroxene is present, the composition of which shifted progres- 
sively from diopsidic to clinohypersthenic during the process of differ- 
entiation. 

While Dr. Barth was a member of the staff of the Geophysical Labora- 
tory, he became interested in the work of Dr. A. L. Day, Dr. E. T 
Allen, and Dr. H. E. Merwin on the hot springs, geysers, and fumeroles 
of the Yellowstone National Park. With the encouragement and support 
of Dr. Day, who was at that time the Director of the Geophysical 
Laboratory, he undertook a comprehensive investigation of the volcanic 
activity, hot springs, and geysers in Iceland which is reported in a 
magnificently illustrated monograph constituting Carnegie Institution 
of Washington Publication Number 587. In the conclusion of this work 
Barth states that: ““The volcanic hot springs of Iceland form an evolu- 
tionary series from acid to alkaline (pH 2-9). The acid springs are rich 
in ‘volcanic’ gases—hydrogen, hydrogen sulfide, and carbon dioxide— 
and contain very small amounts of nitrogen. In the course of evolution, 
hydrogen sulfide and hydrogen are consumed by wallrock alterations and 
by oxidation. Thus springs rich in carbon dioxide are formed. Eventually 
the carbon dioxide is consumed also, and springs emerging at great 
distances from the volcanic centers, for instance in Tertiary basalt, 
usually contain more than 99 per cent nitrogen plus argon. Such springs 
have clear water and show alkaline reaction.”’ Barth’s findings for the 
Icelandic hot springs are thus in very good agreement with those of 
Day, Allen, and Merwin for the hot springs of Yellowstone National 
Park. 

I have attempted to touch upon but a few of Prof. Barth’s scientific 
contributions, which are embodied in a long series of scientific papers, 
several monographs, and a well balanced treatise on petrology. His 
achievements have been recognized by the University of Copenhagen, 
which awarded him an honorary doctoral degree in 1950, and by the 
University of Nancy, which awarded him an honorary doctoral degree 
in 1960. In 1959, on his sixtieth birthday, the Norwegian government 
conferred upon Prof. Barth the Royal Order of St. Olav, the highest 
honor that it awards for civilian achievement. He is a fellow of the 
following royal academies: Norske Videnskaps Akademi, Oslo, Norway; 


¢ 


ACCEPTANCE OF ROEBLING MEDAL 509 


Xungliga Fysiogafiska Sallskapet, Lund, Sweden; Kongelige Videnskabs- 
belskab, Copenhagen, Denmark; Royal Society of Edinburgh, Scotland. 
He is an Honorary Member of the Geological Society of London, of the 
eological Society of Belgium, and of the Geological Society of France, 
t Corresponding Member of the Geological Society of America and of 
Ihe Geological Society of Finland, a Member of the Geological Society 
of Norway, of the Geological Society of Sweden, of the Geological Society 
of Denmark, of the Deutsche Mineralogische Gesellschaft, of the Geo- 
themical Commission of the International Union of Chemistry (of which 
re was also President in 1957-1960), and of the Geochemical Society (of 
Which he was also President in 1960). And finally he is a Fellow of the 
indian Mineralogical Society and of the Mineralogical Society of America. 
_ Mr. President: It is a great pleasure as well as a valued privilege to 
ntroduce my old friend and former colleague, Prof. Barth, for the award 
of the Roebling Medal. 


PRESENTATION OF THE ROEBLING MEDAL By PRESIDENT MURDOCH 


Thomas Frederick Weybye Barth, geologist and mineralogist, distin- 
zuished for your investigations in a wide range of subjects, notably the 
w-ray determination of unusual crystal structures, the course of dif- 
‘erentiation in basaltic lavas, and demonstration of the reaction series 
a the alkali feldspars: it is my pleasure as President of the Mineralogical 
Society of America to present to you the Roebling Medal in recognition 
xt these achievements. 
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ACCEPTANCE OF THE ROEBLING MEDAL 
he We BARE: 


President Murdoch, Dr. Tunell, Fellows, Members, Guests: 


In the first book of Confucious which was written about 2500 years 
igo, there is a passage saying: ‘‘Isn’t it a pleasure to have friends who 
-ome from far away to visit you.” This year I have been visited by 
-houghts and by letters from friends who live far away. 

When I received the letter from our president, Dr. Murdoch, stating 
hat you had selected me as the recipient of the Roebling Medal, it was 
1 message from the other side of the globe giving me a pleasant shock. 
After some reconsideration it occurred to me that it was not, perhaps, so 
nuch myself, as it was my teachers and friends in many lands whom the 
Council of the Society wanted to honor; for this, I thank you from a full 
leart. 
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It was easy for me to become a mineralogist. As a student I was 
fortunate to be associated with V. M. Goldschmidt in his most active 
period of life. I was fascinated by his genius and drank avidly from his 
cornucopia of new ideas in mineralogy and crystal chemistry. 

Through him I was introduced to the best in German science; I 
lectured for two years in the department of Professor K. H. Scheumann 
whose wide interests and artistic abilities made a deep impression on me. 

Still in my twenties, I was fortunate to receive an International Rocke- 
feller grant (a rare dispensation at that time) to study at Harvard with 
R. A. Daly, Esper Larsen, Charles Palache and others. The kindness of 
these men and their inspired teaching kindled in me an enthusiasm and 
devotion to mineralogy that can never die. 

To top my share of luck, I was soon accepted on the staff of the Geo- 
physical Laboratoy in Washington, D. C.—another great opportunity 
for me. I want to mention Dr. A. L. Day, the director of the Laboratory, 
E. S. Shepherd, and certainly N. L. Bowen, whose original experiments 
and original ideas—as we all know—-were revolutionary in the develop- 
ment of our field of science. Many years later Bowen also brought me 
back to America; this time to Chicago for a few years. 

And last, but not least, I should mention Dr. H. S. Washington. He 
was dear to my heart, and I cherish his memory most affectionately. 
He was a perfect gentleman, cultured, handsome, with kind, clear brown 
eyes, and an impressive beard. He was the finest of scholars, and he 
taught me, not only science and research, but also ethics, wisdom and 
natural philosophy. 

Finally, I have had to do something oun my own account. For better 
or for worse, I have spent most of my time in Norway. I have enjoyed 
field work and mapped large areas of Precambrian rocks. Compelled by 
my own observations I have become a SOAK, in spite of my respect for 
V. M. Goldschmidt, my admiration for Bowen, and my warm feelings 
for Esper Larsen. 

In conjunction with this work, I developed the two-feldspar geologic 
thermometer. It may need modification and perhaps the details are more 
complicated than pictured by me. But the principle is right. And it has 
been great fun. Dr. Washington said to me: ‘In order to do research it is 
necessary to have a particularly brilliant mind, or a very high intel- 
ligence. To be able to do good research is a state of mind.’ I hope that 
through him I have acquired that state of mind. 

Mr. President, I cannot find adequate words. I am grateful for the 
Medal, and I want to express my sincere thanks to the Mineralogical 
Society of America. But only to these old teachers and friends of mine, 
goes the honor. 
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| PRESENTATION OF THE 1960 MINERALOGICAL SOCIETY 
| OF AMERICA AWARD TO DONALD L. GRAF 


JuLian R. Gorpsmitu, University of Chicago, Chicago, Illinois. 


| Mr. President, Fellows, and Members of the Mineralogical Society of 
| America, and Guests: 


Donald L. Graf is this year’s recipient of the Mineralogical Society of 
_ America Award. In a presentation of this sort it is usually stated that 
| the proceedings give a great deal of pleasure to the presentor. This must, 
iin some people, be due to a pleasurable sensation produced by the in- 
) verse audiovisual experience, in others to a vicarious association with the 
| person being honored, and in still others to a generally false feeling of 
equality or even superiority induced by their unique task and elevated 
attitude before an unparticipating and seated audience. Then there 
are those whose expressed feeling of pleasure is a downright lie. 

_ How can I say that what I am doing is a pleasure? I am playing the 
part usually reserved for staid, mature, and what many of the younger 
people would even call “elderly” duffers. The Mineralogical Society of 
America Award has been called the young man’s award. In 1955 I found 
myself in the seat Don now occupies. Can one find pleasure in having 
aged so in 5 short years? 

Donald Graf received his undergraduate degree in Geologic Engineer- 
ing at the Colorado School of Mines, and his M.A. and Ph.D. at Colum- 
bia University. His only place of business has been with the Illinois 
Geological Survery, since December, 1948. The 1960 Award is given to 
him for significant research on the calcium-magnesium carbonates. I 
shall not dwell on details of his work, but will assume that those really 
interested know them. I would rather quote to you directly from Oscar 
Hammerstein II, who said the following about Richard Rodgers: 

“His melodies are clean and well defined. His scores are carefully 
built, logically allied to the stories and characters they describe. No 
overgrown forests or weed-clogged meadows of music here, but neat 
rows of tenderly grown flowers on well-kept lawns. Pseudo-artists and 
dilettante critics might interpret these comments as disparaging. The 
impulsive creator of overgrown forests of music might seem a more 
powerful and more important and more rugged fellow. Speaking for my- 
self, I am bored with undisciplined talent. The intertwining vines and 
aimless vegetation that spring from careless genius are of little use to 
a world which suffers from obscurity, and not too much clarity. Life Is 
so short that no musician has the right to expect any appreciable number 
of people to devote any appreciable part of their listening lives to the 
wild free notes that dribble from his talented but casual fingers. A large 


511 


FRAF 


Donatp F. 


ACCEPTANCE OF M. S. A. AWARD 513 
| 
hnumber of musical compositions, a large number of grand operas and 
lilight operas, are too long, too carelessly put together, and fail for this 
reason. They are not above the heads of the public. They are just not 
‘worthy of the public because the creative artist involved has been too 
‘self-indulgent actually to finish off his job.” 

Don not only has shown the ability of finishing off a piece of research 
i very well indeed, but he has shown the growth and desire necessary to 
(continue to attack new problems with new approaches. This Award is 
‘intended for a man whose accomplishments represent points on a rising 
‘curve, and I am sure that Don is a long way from an inflection. 

Mr. President, I have the privilege of presenting to you, Dr. Donald 
L. Graf, as the 10th recipient of the Mineralogical Society of America 
Award. 


PRESENTATION OF THE AWARD BY PRESIDENT MuRDOCH 


Donald Lee Graf, able and industrious worker through whose re- 
searches the complexities of the carbonate rocks are being untangled: 
it is my pleasure as President of the Mineralogical Society of America, 
to present to you the Society’s Award for 1960, with the firm expectation 
that you will continue successfully to investigate this and other mineral- 
ogical problems. 
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ACCEPTANCE OF THE MINERALOGICAL SOCIETY OF 
AMERICA AWARD 


Donatp L. Grar, Illinois State Geological Survey, Urbana, Illinors. 


I suppose we all wonder at times whether our activity in a particular 
corner of science is of any interest or use to anyone else. When no one 
comments on an error ina published paper, this can be more discourgaing 
than losing the argument that should have developed. Recognition from 
one’s society, such as you have just bestowed upon me, is therefore 
particularly heartwarming as evidence of one’s relationship to the larger 
scientific community. I appreciate very much the encouragement that 
you have given, and can only hope that in the years ahead it will prove 
to have been warranted. 

It has been my good fortune to be employed by an organization, the 
Illinois State Geological Survey, that has generously supported a pro- 
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gram in my case divorced from routine tasks. I owe a great deal to having 
had the chance to work closely with Julian Goldsmith and W. F. Bradley. 
And, above all, I am indebted to John Haff who sought to explain to us 
at the Colorado School of Mines the nature of proof and the difference 
between quality and quantity, and who was responsible for sending me 
to work under Professor Kerr at Columbia University. Professor Haff 
once spent an hour explaining to us in vivid detail that we really knew 
nothing about anything. We were by then past masters at physical 
chemistry and integral calculus, and it was generally agreed that the 
professor was badly in error. 

Dr. Goldsmith has suggested to you that I am interested in carbonates. 
This is true. More broadly, I am interested in applying physical and 
chemical techniques to understanding the mechanisms of equilibrium 
and nonequilibrium processes in sedimentary environments. A number 
of us have recently made a modest start toward a basin-wide study of 
the solids and liquids contained in the Pleistocene evaporite sequence 
of the Great Salt Lake Desert. The definitive constants in such studies, 
of course, must frequently be obtained at experimental temperatures 
and pressures well removed from those which exist in sediments and 
sedimentary rocks. 

Rather than go on at length about research plans, however, I should 
like to comment on the professional atmosphere within mineralogy and 
geochemistry since World War II. In my experience it has been a time 
of remarkable generosity and openness, and of cooperative relationships 
springing up between widely separated people of diverse interests. The 
situation is surely the exact opposite of that which in the 1870’s led 
Professor Leidy to conclude that, because of the activities of Marsh 
and Cope, vertebrate paleontology was no longer a fit occupation for 
gentlemen. I think, the absence of animosities of any consequence results 
not from the greater perfection of human beings in 1950 and 1960, but 
simply from the fact that earth scientists are seated at a mammoth 
banquet table and know and accept that fact. There are more worth- 
while things to be done than any of us can hope to handle, even with the 
aid of 50 graduate students. The recent bursts of activity in the fields 
of solid state physics, isotopic chemistry, and marine sedimentation, 
for example, have opened whole new areas of activity for mineralogists 
and geochemists, and we are on the verge of extraterrestrial sampling. 

Most of us;come to the banquet table with a discouragingly small 
number of concepts and research techniques at our command, in com- 
parison with the spectrum revealed, for example, by a single issue of 
Chemical Abstracts. This frustrating situation is for the most part inevi- 
table, but earth scientists, nevertheless, have been making a determined 
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ceffort to achieve greater versatility. There has been a general tendency 
(to plunge into new and enticing fields without exhaustive preparation 
Ibut with a determination to subject the results of these excursions to 
ssevere scrutiny. After all, if Professor Haff was right about the genera 
«state of knowledge, ere is less reason to be afraid of another man’s 
{ field. This bursting of previously sacred frontiers allows a geoscientist 
{these days to contemplate adventures in astronomy, chemistry, physics, 
imathematics, and zoology, in addition to geology. Professor Urey has 
|pretty well covered the list. One is soon brought face to face with the 
irealization that in addition to the old limitations of time, money, equip- 
ment, and personal intelligence, there is a highly variable personal limit 
to the rate at which one can learn new techniques and concepts and still 
'remain happy and productive. 

| It is not only because of the fine personal relationships and the stimu- 
lating variety of problems at hand that I have enjoyed the past ten years 
“spent in science. At the risk of seeming trite, I must emphasize that the 
long range viewpoint, the dedication to excellence, and the relatively 
‘objective standards of evaluation in science are qualities that I find 
missing in much of the world around me. These qualities were present 
to a very considerable degree in the Iowa farming villages where I grew 
up, and they still are-—If the members of the society are surprised at 
the comparison, I can only suggest that the astonishment in Iowa would 
probably be comparable. 

Thank you very much. 
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PROCEEDINGS OF THE FORTY-FIRST ANNUAL MEETING 
OF THE MINERALOGICAL SOCIETY OF AMERICA 
AT DENVER, COLORADO 


GEORGE SWITZER, Secretary. 


The forty-first meeting of the Society was held on October 31-November 2, 1960, at 
the Denver Hilton Hotel, Denver, Colorado. The scientific sessions were integrated with 
those of the Geological Society of America and other affiliated Societies. A total of 43 
scientific sessions were held. Of these two were devoted to mineralogy, one to crystallogra- 
phy, one to petrology, and four to geochemistry, at which 114 papers were presented. 

The annual luncheon of the Society on November 1 was attended by 200 fellows, 
members and guests. Following the luncheon the eighteenth presentation of the Roebling 
Medal was made to T. F. W. Barth and the tenth presentation of the Mineralogical Society 
of America Award was made to Donald L. Graf. 

On the afternoon of November 1, the Society was addressed by Retiring President 
Joseph Murdoch on the subject Crestmore—Past and Present. The annual business meeting 
was held on the morning of November 2, at which reports were given by the Secretary, 
Treasurer, and Editor. An announcement of an International Mineralogical Association 
meeting to be held in Washington, D. C., in April 1962 was made by International Min- 
eralogical Association President, D. J. Fisher. 


ACTION OF THE 1960 CouNcIL 


The 1960 Council of the Society met on the afternoon and evening of October 30 
and the morning of October 31 for a total of seven hours. 

Mineralogical Abstracts. Vhe International Mineralogical Association Abstracts Com- 
mission met in Copenhagen in August 1960 to discuss the ultimate goal of having an inter- 
national abstracts journal. The most promising plan envisages the extension of Mineralogi- 
cal Abstracts, presently owned jointly by the Mineralogical Society of America and the 
Mineralogical Society of Great Britain. To this end the following note was approved by 
the Councils of both societies, to be circularized by the Abstracts Commission to all 
known national societies or associations: 


During the Copenhagen meeting of the International Mineralogical Association the 
new Commission on Abstracts discussed the organization of a comprehensive journal 
of mineralogical abstracts. 

The most promising plan envisages the extension of Mineralogical Abstracts, at 
present owned jointly by the Mineralogical Society of Great Britain and the Min- 
eralogical Society of America. With the approval of the Councils of both these societies, 
the Commission is sending this letter to all known national mineralogical societies in 
an effort to obtain their co-operation. 


I. Mineralogical Abstracts could be readily enlarged if more abstracts covering differ- 
ent countries were available. Regional or national societies can secure for all their 
members a 50% reduction in the cost by agreeing to contribute free of charge Engilsh 
abstracts comprising a comprehensive coverage of papers appearing in their region; 
they need undertake no other responsibility. Members of such societies would pay 
$4.50 (U.S.) for personal annual subscription to Mineralogical Abstracts compared with 
the full subscrption rate of $9.00. National mineralogical societies in Canada, Japan, 
Norway and Switzerland are already partaking in this scheme. 


II. The question of a wider ownership of Mineralogical Abstracts is being considered 
but the British and American societies feel that it woud be premature to extend 
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ownership prior to 1963. They feel that more experience of the present financial arrange- 
ment would be essential to devise an equitable scheme. Both the Brith and American 
societies put up appreciable capital sums in order to start Mineralogical Abstracts (as 
from vol. 14); moreover they have agreed to stand losses that Mineralogical Abstracts 
might incur. Members of the British society pay an annual subscription of the equiva- 
lent of $3.00 for Mineralogical Abstracts and this is included in their subscription to the 
Mineralogical Magazine, i.e. they cannot contract out of buying Mineralogical Abstracts. 
Members of the American society can purchase Mineralogical Abstracts for $3.00 which 
may be included in their dues at their discretion. The subscriptions appropriate to wider 
ownership would depend considerably on the number of participating countries. 


Awards. The Council voted that in 1961 the Roebling Medal be awarded to Paul 


| Ramdohr, and the Mineralogical Society of America Award be presented to Joseph V. 
Smith. 


Election of Fellows. In 1960 there were 49 candidates for Fellow placed on the ballot. 


| Following past procedures, the Secretary had printed a booklet giving biography and bibl:- 


ography of each candidate. This required a 79 page booklet, and even though it was 


| typed and produced by photo offset, the cost of preparing the booklet was nearly $700. 


The Secretary suggested that in the future a method patterned after that used by the Geo 
logical Society of America and the Society of Economic Geologist be followed: The follow- 
ing form was suggested and approved by the Council: 

To the Fellows of the Society: 


The Secretary sends you herewith vita on the candidates on the enclosed ballot for 
election as Fellows. The candidates have been approved by the Council on recom- 
mendation by the Nominating Committee for Fellows. The complete bibliography of 
any candidate may be obtained by writing to the Secretary not later than August 1, 
1961. 


The vita on each candidate will consist of a brief biography, number of publications 


and general nature of major publications, and names of sponsors. This new short form will 


be followed in presenting candidates for election in 1961. 

Financial Advisory Committee. The report of the Committee was accepted. The Council 
voted to drop the matter, raised the preceding year, of a commercial audit of the Society’s 
books. 

Membership List Publication. The Council voted that the Executive Committee bring 
to the 1961 Council recommendations for publishing the membership list separately by 
photo offset from adressograph plates. 

Mistake in by-Laws. In November 1951 the Council recommended the following amend- 
ment in Article II, Section 3 of the By-Laws, and voted that it be placed on the ballot in 
1952 for approval by the membership: 


Fellows and members who have reached the age of 70 years, or have reached the official 
retirement age of the institution in which they have been serving, and have paid annual 
dues for 30 years, shall be exempt from further payment of dues but retain all rights 
and privileges. (From Proceedings, Am. Mineral., 37, 276, 1952.) 


This above item appeared on the ballot distributed to the membership in 1952, but the 
result of the vote does not appear in the Proceedings of the following year or in subsequent 
years, nor in the Secretary’s reports to the Council in subsequent years. 

There has been no authority for any change in the wording of Article I, Section 3 of 
the By-Laws between the time that it appeared on the ballot in 1952 and in the revision 
of the By-Laws approved by the Council in 1957 and printed in 1958 (Am. Miner ral., 43, 
611-614). Therefore, this section in the 1958 printing of the By-Laws is incorrect. 
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The Council feels that the simplest way to correct the mistake’is to place Article qu, | 
Section 3 of the By-Laws, as originally worded and recommended by the Council in 1951, ; 
and (probably) voted by the membership in 1952, on the 1961 ballot to be reaffirmed and 
thereby annul the error in the wording of this section in the revised By-Laws approved 
in November 1958. The Council, therefore, voted that the above proposed change be 
placed on the 1961 ballot for vote by the membership. 

Use of Mailing List. The Council voted that the present practice be continued ofa 
selling the MSA mailing list to concerns such as book publishers, if by so doing a service 
would be rendered to the membership, and that the charge to be made for the use of the — 
list be left to the discretion of the Treasurer. 

Storage of Back Issues of the American Mineralogist. The Council was informed by the 
Editor that the stock of most of the back issues of The American Mineralogist, now stored at 
the University of Michigan, must be moved within a year. The Council voted that the back 
issues be moved to Silver Spring, Maryland, and that storage, sales, and distribution of 
back issues be taken over by the Treasurer’s office. 

Funds for Travel to Annual Meeting. The Secretary pointed out that the 1946 Council 
authorized travel expenses of five cents per mile for the Secretary, Treasurer, and Editor 
to attend the annual meeting of the society. The Council reaffirmed this past Council 
action. 

General Interest Articles in The American Mineralogist. Richard H. Jahns reported 
that he has compiled a list of 22 famous mineral localities, and is ready to inaugurate a series 
of articles of professional quality on famous mineral localities. The Council reiterated its 
approval of the project, and voted that Dr. Jahns and the Editor be empowered to use 
their best judgment in the selection of articles. 


ACTION BY THE 1961 CouNncIL 

Editor of The American Mineralogist. The Council appointed Lewis S. Ramsdell Editor 
of The American Mineralogist for the year 1961. 

Co-Editor of The American Mineralogist. The Editor requested that the Council ap- 
point a Co-Editor, to begin work immediately, and to take over full editorship of the journal 
at the end of 1961. The immediate duties of the Co-Editor would be to receive and evaluate 
all manuscripts, send them to referees, and to be responsible for all book reviews. 
These two functions represent about one-third of the editorial work load. The Council 
appointed E. W. Heinrich Co-Editor of The American Mineralogist for the year 1961. 

American Geological Institute. The Council voted that the Mineralogical Society of 
America contribute no more than $500 to the American Geological Institute in 1961, at 
the will of the Executive Committee. 

International Mineralogical Association. The Council voted that $15 50.00 be paid during 
1961 as the Society’s dues to the International Mineralogical Association. 

Ten Year Index of The American Mineralogist. The Council voted that Joseph Murdoch 
be appointed Chief Indexer, to begin preparation of the next 10-year index of The American 
Mineralogist, for volumes 41-50. 

International Mineralogical Association Meeting in Washington, D. C., in Spring 1902. 
The date of the meeting was set: for April 18-20, 1962, with field excursions before and 
after the meeting. The Council voted that Alvin Van Valkenburg be appointed General 
Chairman of the.local committee. 

Archivist. The Society has never had an Archivist, and there is increasing danger as 
years pass that records relating to the Society’s founding and early history will become 
lost. The Council voted that George T. Faust be appointed Archivist, and that he be re- 
quested to begin the task of assembling all pertinent papers and information. 
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Committee Appointments. President Osborn made the following committee appoint- 


nents, which were approved by the Council: 


1961 ComMITTEES OF THE MINERALOGICAL Society oF AMERICA 


Nominating Committees for Fellows 


R. Roy, Chairman 1960-62 
E. N. Cameron 1959-61 
J. L. Kulp 1959-61 
Car Park, Jr: 1960-62 
W.S. MacKenzie 1961-63 
R. S. Cannon 1961-63 


Roebling Medal Committee 
R. M. Garrels, Chairman 
C. A. Anderson 
H. L. James 

H. Kuno 

C. E. Tilley 

G. Tunell 


Progvam Committee 


H. Winchell 
J. W. Peoples, alternate 


Nominating Committee for Officers 
C. L. Christ, Chairman 
J. C. Griffiths 
H. H. Hess 
A. L. 
_H. F. McMurdie 
R. G. Coleman 


Auditing Committee 
A. Van Valkenburg, Chairman 


M. L. Lindberg 
G. L. Davis 


Nomenclature Committee 


J. V. Smith, Chairman 1959-61 
G. Tunell 1959-61 
G. T. Faust 1960-62 
A. Pabst 1960-62 
M. Fleischer 1961-63 
C. Frondel 1961-63 


MSA Award Committee 


. W. Nuffiela, Chairman 
. F. Bradley 
I. H. Milne 
. J. 
a lB, 


Financial Advisory Committee 

1959-61 
1960-62 
1961-63 


E. P. Henderson, Chairman 
A. Montgomery 
W. T. Pecora 


Endowment Committee 


C. B. Slawson 


Advisory Committee on Russian Translations 


to the American Geological Institute 


Earl Ingerson, Chairman 


Representatives 


American Geological Institute 


Board of Directors: 
R. M. Grogan 1960-61 
J. F. Schairer 1961-62 
Government Relations Committee: 
P. F. Kerr 1959-61 


International Mineralogical Association 


Representative: 
A. Pabst 

Members of Commissions: 
Abstracts—H. Winchell 
Data—G. T. Faust 


New Minerals and New Mineral 
Names—D. McConnell 

Museums—G. Switzer 

Teaching of Mineralogy—C. S. Hurl- 
but, Jr. 


American Association for the Advancement 


of Science 
P.F, Kerr 
E. E. Wahlstrom 
National Research Council 
W. F. Bradley 1960-63 
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Nominations for Officers for 1962. The following slate was proposed by the Nominating 
Committee and approved by the Council: 
President: Ian Campbell, California Division of Mines, San Francisco, Calif. 
Vice-President: Cornelius S. Hurlbut, Jr., Harvard University, Cambridge, Mass. 
Secretary: George Switzer, U. S. National Museum, Washington, D. C. 
Treasurer: Marjorie Hooker, U. S. Geological Survey, Washington, D. C. 
Councilors: (1962-64, two to be elected) 


R. B. Ferguson, University of Manitoba, Winnipeg, Canada 
Harold L. James, U. S. Geological Survey, Menlo Park, Calif. 
Francis J. Turner, University of California, Berkeley, Calif. 
Hatten S. Yoder, Jr., Geophysical Laboratory, Washington, D. C. 


REPORT OF THE SECRETARY 
To the Council of the Mineralogical Society of America 
ELECTION OF OFFICERS AND FELLOWS 


Nine hundred and forty-nine ballots were cast in the election of officers, 131 by Fellows 
and 818 by Members. The officers elected to serve in 1961 are: 


President: E. F. Osborn, The Pennsylvania State University, University Park, Pennsylvania 
Vice-President: lan Campbell, State Division of Mines, San Francisco, California. 
Secretary: George Switzer, U. S. National Museum, Washington, D. C. 
Treasurer: Marjorie Hooker, U. S. Geological Survey, Washington, D. C. 
Counciiors: (1961-1963) Robert M. Garrels, Harvard University, Cambridge, Massachu- 
setts. 
O. F. Tuttle, The Pennsylvania State University, University Park, 
Pennsylvania. 


According to the provisions of the Constitution, the following have been elected to 
fellowship: 


John W. Adams, U. S. Geological Survey, Denver, Colorado. 

George Baker, C.S.I.R.O., University of Melbourne, Parkville N. 2., Victoria, Australia. 

Fernand A. J. Blondel, 18 rue Leonardo da Vince, Paris, France. 

Esther W. Claffy, Naval Research Laboratory, Washington, D. C. 

Robert G. Coleman, U. S. Geological Survey, Menlo Park, California. 

William A. Deer, The University, Manchester, England. 

Reynolds M, Denning, The University of Michigan, Ann Arbor, Michigan. 

I. Donald Eckelmann, Brown University, Providence, Rhode Island. 

Judith Weiss Frondel, 20 Beatrice Circle, Belmont, Massachusetts. 

José M. Fuster, Museo Nacional Ciencias Naturales, Madrid, Spain. 

William S. Fyfe, University of California, Berkeley, California. 

John C. Hathaway, U. S. Geological Survey, Denver, Colorado. 

Norman Herz, U.S. Geological Survey, A.P.O. 676, New York, NY. 

Allen Van Heyl, Jr., U. S. Geological Survey, Washington, D. C. 

Sven Hjelmqyist, The University, Lund, Sweden. 

Floyd A. Hummel, The Pennsylvania State University, University Park, Pennsylvania. 

Horst H. Kedesdy, Signal Research and Development Laboratory, Fort Monmouth, 
New Jersey. 

Arthur W. G. Kingsbury, University Museum, Oxford, England. 
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Jack A. Kohn, Signal Research and Development Laboratory, Fort Monmouth, New 
Jersey. 

James F. McAllister, U. S. Geological Survey, Menlo Park, California. 

James L. McAtee, Jr., Baylor University, Waco, Texas. 

*Graham S. MacKenzie, University of New Brunswick, Fredericton, New Brunswick. 
Canada. 

Robert C. Mackenzie, Macaulay Institute for Soil Research, Aberdeen, Scotland. 

Henry G. Midgley, Building Research Station, Harpenden Herts, England. 

Louis Moyd, 136 Park Ave., Yonkers, New York. 

Kaarlo J. Neuvonen, University of Turku, Turku, Finland. 

Ernest H. Nickel, Department of Mines and Technical Surveys, Ottawa, Canada. 

Ronald W. B. Nurse, Building Research Station, Harpenden, Herts, England. 

Ke ichi Omori, Tohoku University, Sendai, Japan. 

Fred D. Ordway, Jr., National Bureau of Standards, Washington, D. C. 

James Phemister, 19 Grange Terrace, Edinburgh, Scotland. 

Alan T. Prince, Department of Mines and Technical Surveys, Ottawa, Canada. 

Donald H. Richter, U. S. Geological Survey, Hawaii National Park, Hawaii. 

George R. Rigby, Canadian Refractories, Ltd., Grenville, Quebec, Canada. 

Gershon D. Robinson, U. S. Geological Survey, Denver, Colorado. 

Harold P. Rooksby, The General Electric Company, Ltd., Wembley, Middlesex, 
England. 

Chalmer J. Roy, Iowa State University, Ames, Iowa. 

Edgar R. Segnit, C.S.I.R.O., Highett, Victoria, Australia. 

Thomas W. Stern, U. S. Geological Survey, Washington, D. C. 

Lorin R. Stieff, U. S. Geological Survey, Washington, D. C. 

William Uytenbogaardt, Free University, Amsterdam, Netherlands. 

John S. Vhay, U. S. Geological Survey, Spokane, Washington. 

Ewart A. Vincent, University Museum, Oxford, England. 

Oleg von Knorring, The University, Leeds, England. 

Charlotte M. Warshaw, The Pennsylvania State University (3703 Stewart Drive, 
Chevy Chase, Maryland). 

James White, University of Sheffield, Sheffield, England. 

Ray E. Wilcox, U. S. Geological Survey, Denver, Colorado. 

Allan F. Wilson, University of Queensland, St. Lucia, Brisbane, Australia. 


* Deceased 
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. 
CHANGE IN By-Laws 


A proposed change in Article II of the By-Laws was passed by a vote of 640 for and 
138 against. Article II of the By-Laws now stands as follows: 


Section 1. 


Section 2. 


Article II—Dues 


The annual dues for members and fellows shall be eight dollars ($8) payable 
in January. Members who are students shall pay one-half the dues of other 
members. 

No person shall be accepted as a fellow of the Mineralogical Society of Amer- 
ica unless he pays dues for the year within three months after notification of 
his election. 


MEMBERSHIP STATISTICS 


The membership of the society continues to grow, as shown in the following table: 


November 1, 1960 


1958 1959 1960 
Honorary Fellows..... 0) 3 + 
WellowSseseceeen ene 300 376 419 
Miembersere eee aa 1,185 1301 1,623 
1,545 1,880 2,046 


During 1960 the society lost through death eight Fellows: Harold L. Alling, Ciro 
Andreatta, Harold E. Buckiey, Burnham S. Colburn, Austin B. Edwards, Guerdon S. 
Holden, John T. Lonsdale, and Graham S. MacKenzie. 


Respectfully submitted, 
GEORGE SWITZER, Secretary 


REPORT OF THE TREASURER FOR 1960 


(Year ending July 31, 1960) 


To the Council of the Mineralogical Society of America: 


Cash on hand, August 1, 
Receipts, August 1, 1959-July 31, 1960 


sOttallin cen aae 


Disbursements, August 1, 1959—July 31, 1960 
sLranstereto Gapitaliyicn.o mierduncc hte cks aie mich erro 
Cash on hand, July 31, 1960 


Total 


SUMMARY STATEMENT 
1959 $ 


1,931.19 
43 567.02 


$ 45,498.17 $ 45,498.17 


$ 34,924.09 
Spo Lom7o 
7,058.29 


$ 45,498.17 


45,498.17 


Assets, July 31, 1960 


Cash’ on hand (as shown above)...................... $ 7,058.29 
Capital: Securities (market value).................... 151,285.00 
Endowmentabllunadicashinn esis a ceeaee eee 403.50 


$158,746.79 158,746.79 
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RECEIPTS 
I Dues 
Bic ll OW See NIG pen Ae as eM vignd etd Monat DA ne $ 1,546.14 
IM USICO BSS So. ors' oy ae S gi gloss Meeps ana eee 6,875.52 $ 8,421.66 
i Publications 
Geological society-of America‘grant.....,.5...-....+.. s+. 8,000.00 
Subscriptions to American Mineralogist.................. 7,655.80 
Salesolmre primis mera etocu. ne alway GRR. <n west) 3,285.78 
Salegoimbackan Win berst nee eet Nae eres tear ihe ace eeeegms 2,706.87 
pale ofindexsvols. 31 —40)Fee setts nae ee 852.00 
VOlSa) SO Une a neta wees. katt. | 336.40 
] WOR, AU & WOR aecan a SE Ree ne 176.20 
AMMEN CLV GEIST Orang ne oe ewe fol or eee tian et ea as rcs gle awe UAT ANS 
Hemme vcr opis tteete cae es ses tant Ss eters cine eet SE casa n 80.24 24,872.42 
| Endowment Fund 
hme DOivadends:andamteresta tn. a 5. ates ood eae we hs vee 1 Pee ol 
fiieye=Elus Committee... 6c c.ctaee ee ks ay ate Che eo Ryle = 2,520.00 
MNerairittONS Pe. yee ee ee ces 225.00 
Pier Vembershipscwr se come kane cathe ee og ete 200.00 10,159.61 
Special Funds 
AMES CUUTIEC UIT Cla en ENON care pr ee owen Scene |: 100.00 100.00 
mxchangercredits and CollectionSaums. «24.254 Gas csacensene- ISe53 IGS 
Bee SicCeNcdaere amie (nha cain Sansa kee oy ae ence una $43 , 567.02 
+ DISBURSEMENTS 
Honoraria 
Secretary (August 1, 1958-July 31, 1960). .............. $ 750.00 
Treasurer (November 15, 1958—July 31, 1960) ........... 677 .09 
biciton (Aprilia OS9=Marchi 311960) 22: seas. ee 750.00 $ 2,177.09 
Publications 
American Mineralogist (July 1959-April 1960)............ 22,616.03 
IRGFDITTNTIGE ay chic Bie ies Ae eae e 7 citer cree tO in Ola acc acne 3,570.40 
PRO RATIM BHiGl QOSHPICIG, «wo con dee Abs Sao ooo oe naa aman ie 591.36 
IMPOR WE OUI joreiNeNSSIES<.500 5904 spouna somes anmme 348.04 
urchaserolnout-of-print issues 09254. .aeee esa. oe 105.00 
National Science Foundation refund on index sales, May 
HOSOSA rile OGO Mere uae setts peters cin 744.50 
Rostacer: alnckexpLeSSrr nye --<ctena eer-ner eee cee ay eet 444.01 
ASONSTHAIVGS < og.s Sach 6 20h qa Sn US nee Ee ae Oe eee 153759 
SUT eS Meine creatine eo tah Sree ai es see Theta 
Niaiimacalistcharcenamme sy atemic rial meran fie esa ery ae 26.37 


SECON IRENTINGS: elo we BOE Oe 6a ao poe ow oni mirage or close 23.30 28,694.33 
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° 
Office Expense 
Secretarial and clenicathassistances. ee seis ai ae ee $ 895.40 
Officers? travel Ot 2a Meee ae eek oat Tea eee 48 .00 
A Pigtel beh act iret Ne Ment rCRtn GMa ic mip a Seats Ro pete take a a 1,102.88 
SUP PES Ee, --0n aA secession ee ee 431.85 
POStaP eh haere roa cers ee Ie et ae ete 705.04 


‘Relephonesand/telesramss sss se ee eee ae 25.57 $ 3,208.74 


International Mineralogical Association, 1960-61........... 150.00 
American Geological Institute, 1959-60.................... 500.00 650.00 
Roebling Medal 59 eins. ete, her arta qn 4s eet eear ees 151.63 
INISADA Ward @ereihicateren per weryrntacr Ass. ae 9.00 160.63 
@hecketreturmed eres: foresee ors ee Ser ee re eer eer 33.30 33230 
WotalLdisbursemients ne wa 2 mcr Gee o «. tieaslieve cic hee ee ee ee $34,924.09 
ENDOWMENT FUND 
Amount Security Cost Value! Income? 
Bonds 

OMe sAtlantic: Cosst line (45.7 oanseen ee Fe OD, 20750) SS, 985 270.00 
SVE New York Central. ooo mae ee 4,300.00 3,438 250.00 
SIME Sree Teco koe a alee Sia: SV SS 5,200 250.00 
$-15 3301 25° 9 14,6237 32 770200 

Preferred stocks 

150.2 yb airbanks \Wihitneyerne ss oan soee $ 4,487.50 $§ 3,431 $ 480.008 

60> Jones andslaughlin, AS = sae 4,987.50 5,820 300.00 

40 Potomac Electric Power, 2.44........ 2,000.00 1,940 97 .60 

200 Southern California Edison, 4.88... .. 5,250. 5,000 244.00 

SOO UNION Pacihier Ae ern catty eka aes 4,570.25 4,063 200.00 

Dom United Statesisteelie/ amen esac ee 6,946.20 7,805 385.00 

50 —- Virginia Electric Power Co., 5........ 5,942.50 5,138 250.00 

$ 34,183.95 § 33,257 $1,956.60 


1 Approximate market value, July 31, 1960. 
* Fiscal year ending July 31, 1960, except where noted. 
’ Includes accumulated dividend. 
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On 
iS) 
Un 


Common Stocks 
249 American Telephone and Telegraph. ..$ 11,255.98 $ 22,380 $ 821.72 


SO see bostonglmsurance: getters sees sss . 1,500.00 1,694 90.00 
100 Buckeye Steel Castings. ............ 3,800.00 2,675 150.00 
177 Chase Manhattan Bank............. iL ARS 2s) 10,797 181.204 

50 Chesapeake and Ohio Railway....... 2,368.75 2,944 200.00 

me OO Fae Columbian Gasstece hess. ativas 2 ss 5,174.72 5,963 265 .00° 
100 Columbus and Southern Ohio........ 2,087.50 4,725 165.00 
0 BeeDenisonsMines sides see ee ae: 3,096.00 1,418 134.51 
US OMe Mana Stores % cv a seeec Ja ee 2,800.30 3,150 180.00 
210 Greyhound Corporation............. 2,300.00 4,645 210.00 
Uo lame Kroger Company saat eee meee 2,034.03 8,287 274.07 

50 Phelps Dodge Corporation........... 1,975.00 2,425 150.00 
100 Pittsburgh and West Virginia........ 2,787.50 1,238 = 
1005 Plymouth Cordage. ...-.. 0.5... 4,750.00 5,750 290 .00 
350 Potomac Electric Power Co.......... 5,066.73 10,500 451.50 

50 Public Service Electric and Gas...... 1,586.40 2,000 90.00 
ae iuclai Oil Corporations... = = 150 .00° 
100 Southern Natural Gas....2......... 3,600.00 3,688 200 .00 

DO Mee opencer=We logge ee 15258253 757 40.00 
175 Standard Oil of New Jersey.......... 1,761.65 7,131 393.75 

OO rWinited Wut ys tans. Oe ee ne 3,067 .50 1,238 15.007 
== Wp SAME ny OEile soca nasa ete oe os = 30.008 

MerrillMoynchainterest) faery eee ome cee see eee ewe 2 6.26 


$ 73,551.64 $103,405 $4,488.01 


IOAN? sa Sette Gener Rian eee $123,036.84 $151,285 $7,214.61 
Cash balance, Endowment Fund account, Riggs National Bank. . 403 .50 


* Additional shares purchased December 1959 and July 1960. 
> Additional shares purchased December 1959. 

§ August 1959-July 1960. Sold in July 1960. 

7 One quarter dividend only. 

8 One quarter dividend. Sold in October 1959. 


The summary statement and tables of figures show that the financial standing of the 
society has shown progress during the year and is satisfactory at the present time. We are 
faced, however, with several situations which bear directly on both our income and ex- 
penditures, and the solutions of some of these are not immediately evident. The comments 
that follow will elaborate the figures in the tables and relate them to the circumstances as 
they affect both our present and future position. 


Income and Expense 


The income is derived from three principal sources, either directly or from activity 
concerned with them. 
Per Cent Per Cent 


Source Amount 1959-60 1958-59 
IDYERSES igs ute echaccnte Cer eens a oe ete $ 8,421.66 19.4 18.2 
Publication program.,......+.--.-- 24,872.42 Sie 56.2 


iRnidowmentebundtya- ci eee ore 10,159.61 23.4 RIA 
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The percentages of income from these sources remain substantially the same as the 
previous year. The amount received in dues is $1000.00 more than last year, reflecting the 
continued rise in membership. The total agrees very well with the amount to be expected 
from a membership of 2000. The income from various parts of the publication program is 
apportioned about the same as last year. About 30% is derived from the sale of subscrip- 
tions to The American Mineralogist, amounting this year to $7655.80. At the present time, 
1325 copies are distributed on a paid subscription basis; 517 are despatched within the 
United States to all fifty states and Puerto Rico; the other 808 are sent to 76 foreign 
countries. The figure for reprints, although larger this year, is only an apparent increase 
resulting from the distribution of payments in relation to the fiscal year. The income 
from the sale of indexes shows a 23% gain over last year. The figure for advertising repre- 
sents income for more than one year due to a change in the method of invoicing; the portion 
for 1959-60 is larger due to an increase in both the amount of advertising and the rates. 
The total income from the Endowment Fund is of the same order as last year and will be 
discussed separately. 


Expenditures are grouped as follows: 


Per Cent Per Cent 


ao a 1959-60 1958-59 
Ofircersahonotaniare tiene ee $ 2,177.09 6.2 Jae 
OUice"eXpenSea came eee ep ase 3,208.74 9.2 8.9 
Publication,programiyns.. esse 28 , 694.33 82.3 85.3 
Support of other organizations, etc. . 810.63 DES 2.6 


The percentages of expenditures are also substantially the same as last year. Publica- 
tion and related expense make up by far the major portion, with the printing and distribu- 
tion of The American Mineralogist as the largest single item. Note should be made that the 
amount shown for this item at the close of the fiscal year covers only five issues; normal 
cost for six issues is approximately $27,000. The figure for officer’s honoraria is higher 
than normally for it includes two years’ payments to the Secretary and Treasurer as well 
as an increase in stipends. Office expense has remained at the same level in spite of in- 
creased business in the offices of the Editor, Secretary, and Treasurer. Of the unusually 
high amount for supplies, about 80% can be charged to the purchase of new record cards 
for the Treasurer’s office for the decade 1961-70, an item recurring each ten years. 


Endowment Fund 


The book value of the Endowment Fund securities was $123,036.84 on July 31, 1960. 

Of this amount, 12.4% is in bonds, 27.8% in preferred stocks, and 59.8% in common 
stocks. The market value, computed on July 31, 1960, was $151,285.00. Funds invested 
during the year have been derived chiefly from payments on Fifty-Plus Committee 
pledges (see The American Mineralogist, May-June, 1960, pages 747-748, for statement 
and list of names). Dividends and interest accruing from the securities totaled $7214.61 and 
exceeded the estimated income of $6850 chiefly as a result of payment of accumulated 
dividends by the Fairbanks Whitney Corporation. From securities now held, an income 
of $7200 is estimated for 1960-1961. The percentage yield of the portfolio, and of each 
type of security, at both book and market values, is given below. These compare favorably 
with the current 3.4% average yield from industrial common stocks and the 4.6% average 
return on corporate bonds as reported by Merrill Lynch in August 1960. 
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YIELD 
Total Tae Preferred Common 
stock stock 
Book value sew 48. ane 4 5.86 5.03 SEZ 6.09 
Wiarketivallue strss 0 oa... 4.76 5.26 5.88 4.33 


During 1959, the first year of co-publication of Mineralogical Abstracts, volume 14, 
}numbers 1-4, was issued quarterly under the capable editorship of James Phemister. 
opies were distributed to 683 members of the British society, 265 members of our society 
jin addition to about 260 who are members of the British society), and approximately 400 
library subscribers. Total income from all 1959 subscriptions was about $6400.00 and the 
total cost of publication was about $11,400.00. Taking into account the initial joint con- 
|(ribution of $2800.00 (of which $500 had been used in 1958), that part of 1959 expense 
hinot covered by income amounted to $2700.00 ($1350 each society). In order to make Min- 
heralogical Abstracts self-supporting, steps have been taken to reduce publication costs 
and to increase the income from subscriptions. These have resulted in some savings in 
cost, in spite of a 5% printer’s increase as of January 1960, and enough of an increase in 
subscription revenue to make the overall picture for 1960 more assuring. 


income-Expenditure Outlook 


It almost goes without saying that we are in the midst of a period of rising costs and 
that we must accept and resolve this fact. Our printing contract with George Banta 
‘Company, Inc. was rewritten this year to include a.6% increase to meet the higher cost 
sof labor. Increases in membership and subscriptions, while admittedly desirable, bring 
} with them increased expense, and we have had a net gain of 33% in the past 18 months. 
The Geological Society of America, in line with intentions outlined in November 1958, 
has found it necessary to initiate a schedule for the gradual decrease over a five-year period 
and termination in 1965 of our annual grant of $8000, given to us as an affiliated society 
t% assist in publication of The American Mineralogist. 
~ To maintain our ability to continue publication of The American Mineralogist and 
Mineralogical Abstracts at the present high standard, the Council has taken several actions. 
it has recommended that the membership approve an increase in dues for both fellows 
and members. It has approved the advance of the subscription price of The American 
Mineralogist to an annual rate of $10.00. In November 1959, it appointed an Advertising 
Manager to solicit more advertising for the Journal. Your Treasurer has also explored 
several smaller avenues for reducing costs and supplementing income. A postal permit, al- 
lowing special rates for domestic mailing, was secured this year. The schedule of reprint 
charges has been revised in line with our new printing contract. The strip announcement 
distributed with the annual dues bill has been responsible for the increased sale of indexes 
reported in the past two years. A comparable strip, sent to subscribers, has had a similar 
response with respect to index sales and has increased the number of subscriptions to Miner- 
alogical Abstracts. A complete set of The American Mineralogist, with all out-of-print num- 
bers, is now offered for sale. Other possible sources of income are being considered and the 
Treasurer will welcome suggestions from the membership. 

During the past year, the Mineralogical Society of America received notification from 
the Internal Revenue Service of tax-exempt status as an educational and scientific organi- 
zation. Contributions and bequests to the society are therefore deductible items under the 
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provisions of the Internal Revenue Code. The society was also notified by the Commission- 
ers of Inland Revenue (Great Britain) that it had been placed on the list of societies ap- 
proved for purposes of tax deductions by British members. 

The Treasurer’s office depends on several individuals for continuity of operation and I 
should like to place on record here my warm thanks to Catherine Skinner, for her able as- 
sistance with the records; Edward P. Henderson, Samuel S. Goldich, and Arthur Mont- j 
gomery, of the Finance Committee, for their cooperation and competent advice; Stanly 
Carr and Herbert Allen, of Merrill Lynch, custodian of our securities; Irwin H. Wensink 
and Alvin A. Lang, of George Banta Company, Inc., printer of Th. American Mineral- 
ogist. And to those members of the society who have responded generously when called on 
for advice and assistance, a special thank you and my appreciation. 

Respectfully submitted, 
Marjortz Hooker, Treasurer 


REPORT OF THE AUDITING COMMITTEE 
To the Presiaen: of the Mineralogical Society of America: 


The Auditing Committee has examined and verified the accounts of the Treasurer of © 
the Mineralogical Society of America for the fiscal year beginning August 1, 1959 and end- 
ing July 31, 1960. It is the Committee’s opinion that the Treasurer has done an excellent 
job, and she should be commended for the admirable manner in which she has kept the 
Society’s books. 

Respectfully submitted, 
Marie L. LINDBERG 
ALVIN VAN VALKENBURG 
GUNNAR KULLERUD, Chairman 


REPORT OF THE EDITOR FOR 1960 


The 1960 volume of The American Mineralogist contained 1343 pages, very close to that 
of 1959, in both size and number of articles. There were 74 major and 65 shorter articles. 
The authors represented 28 U. S. educational institutions, 9 Federal agencies, and 11 pri- 
vate or industrial laboratories, 15 foreign educational institutions and 6 laboratories, giving 
a total of 69 institutions. Seven new minerals were described. There were 21 book reviews, 
and 72 items under Dr. Fleischer’s valuable section on New Mineral Names. 

The editor is grateful to the associate editors, and to many other individuals who have 
read manuscripts, and reported on them as to their suitability for The American Mineral- 
ogist. Likewise, the editor wishes to express his appreciation to the publisher of our Journal, 
George Banta Company, Inc. Their printing skill is evidenced by the excellent appear- 
ance of the Jounal, and their splendid cooperation makes the editorial task much easier. 

Asummary of the contents of Vol. 45 is given in the following table. 


¥ 
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DISTRIBUTION OF SuBJECT MATTER IN Vor. 45 


Subjects Number Pages % of Total 
eadingrvanticless- ss 4). 74 949 76.0 
Sborteanticles see 65 2A 16.8 

1,160 
MIGRHOIOMB I, Gyan kudenee soe 2 8 
PAWN Senter e Rr te ase ca th Oe, yy 11 
Society proceedings......... 1 21 
| iBook Reviewsi en... 21 13 
New Mineral Names........ 72 31 
|| INIQUERE dco a been eee eae 20 i 
| 
51 4.0 
| TAD eee ee re 1,251 100.0 
Meiners ni} als ieee eee ene eee ee nes: 66 
Index, Title Page, Table of Contents........ 26 
UNG, TREE ba 5G Beale eas eee seer en ec 1,343 


Respectfully submitted, 
Lewis S. RAMSDELL, Editor 


LIST OF FORMER OFFICERS AND MEETING PLACES 


By recommendation of the Council, a complete list of past officers is printed in the pro 
eedings of the annual meeting of the Society: 


HONORARY PRESIDENTS 
Edward S. Dana 1925-1935 
Charles Palache 1949-1954 
Edward H. Kraus 1955- 


PRESIDENTS VICE-PRESIDENTS 
920 Edward H. Kraus 1920 Thomas L. Walker 
921 Charles Palache 1921 Waldemar T. Schaller 
922 Thomas L. Walker 1922 Frederick A. Canfield 


923 Edgar T. Wherry 1923 George F. Kunz 
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PRESIDENTS (Cont.) 


1924 Henry S. Washington 
1925 Arthur S. Eakle 

1926 Waldemar T. Schaller 
1927 Austin F. Rogers 
1928 Esper S. Larsen 

1929 Arthur L. Parsons 
1930 Herbert E. Merwin 
1931 Alexander H. Phillips 
1932 Alexander N. Winchell 
1933 Herbert P. Whitlock 
1934 John E. Wolff 

1935 Clarence S. Ross 
1936 William S. Bayley 
1937 Norman L. Bowen 
1938 Ellis Thomson 

1939 Max N. Short 

1940 William F. Foshag 
1941 Frederick E. Wright 
1942 Arthur F. Buddington 
1943 John F. Schairer 
1944 R. C. Emmons 

1945 Kenneth K. Landes 
1946 Paul F. Kerr 

1947 M. J. Buerger 

1948 M. A. Peacock 

1949 John W. Gruner 
1950 George Tunell 

1951 A. Pabst 

1952 Michael Fleischer 
1953 J. D. H. Donnay 
1954 Sterling B. Hendricks 
1955 Harry H. Hess 

1956 Clifford Frondel 

1957 D. Jerome Fisher 
1958 George E. Goodspeed 
1959 Ralph EF. Grim 

1960 Joseph Murdoch 


SECRETARIES 
1920-1922 Herbert P. Whitlock 
1923-1933 Frank R. Van Horn 
1933-1934 Albert P. Peck 
1934-1944 Paul F. Kerry 
1944-1959 C. S. Hurlbut, Jr. 
1959- George Switzer 


1920-1921 Edgar T. Wherry 


° 
VicE-PRESIDENTS (Cont.) 


1924 Washington A. Roebling 
1925 Herbert P. Whitlock 
1926 George Vaux, Jr. 
1927 George L. English 
1928 Lazard Cahn 

1929 Edward Wigglesworth 
1930 John E. Wolff 

1931 William F. Foshag 
1932 Joseph L. Gillson 
1933 Frank B. Guild 

1934 William A. Tarr 

1935 Ellis Thomson 

1936 Harold L. Alling 
1937 H. V. Ellsworth 

1938 Kenneth K. Landes 
1939 Burnham S. Colburn 
1940 Ian Campbell 

1941 William J. McCaughey 
1942 Martin J. Buerger 
1943 John W. Gruner 

1944 Harry Berman 

1945 George Tunell 

1946 S. B. Hendricks 

1947 Carl Tolman 

1948 Adolf Pabst 

1949 J. D. H. Donnay 
1950 Ralph E. Grim 

1951 Michael Fleischer 
1952 J. D. H. Donnay 
1953 Sterling B. Hendricks 
1954 Harry H. Hess 

1955 Clifford Frondel 

1956 D. Jerome Fisher 
1957 George E. Goodspeed 
1958 Ralph E. Grim 

1959 Joseph Murdoch 
1960 E. F. Osborn 


TREASURERS 
1920-1923 Albert B. Peck 
1924-1929 Alexander H. Phillips 
1929-1930 Albert B. Peck 
1930-1940 Waldemar T. Schaller 
1941-1958 Earl Ingerson 
1958- Marjorie Hooker 


EpIToRsS 


1922-1956 Walter F. Hunt 
1957—Lewis S. Ramsdell 


|1938 
1939 
/1940 
11941 
11942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
i950 
i951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 


1959 
1960 


1920 
1921 
1922 


cs 
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CouUNCILORS 


Arthur S. Eakle, Frank R. Van Horn, Fred E. Wright, Alexander H. Phillips. 
Frank R. Van Horn, Fred E. Wright, Alexander H. Phillips, Austin F. Rogers. 
Fred E. Wright, Alexander H. Phillips, Austin F. Rogers, Thomas L. Watson. 
Alexander H. Phillips, Austin F. Rogers, Thomas L. Watson, Esper S. Larsen. 
Austin F. Rogers, Thomas L. Watson, Esper S. Larsen, Arthur L. Parsons. 
Thomas L. Watson, Esper S. Larsen, Arthur L. Parsons, William F. Foshag. 
Esper S. Larsen, Arthur L. Parsons, William F. Foshag, William A. Tarr. 
Arthur L. Parsons, William F. Foshag, William A. Tarr, Alexander N. Winchell. 
William F. Foshag, William A. Tarr, Alexander N. Winchell, Ellis Thomson. 
William A. Tarr, Alexander N. Winchell, Ellis Thomson, Clarence S. Ross. 
Alexander N. Winchell, Ellis Thomson, Clarence S. Ross, Paul F. Kerr. 

Ellis Thomson, Clarence S. Ross, Paul F. Kerr, William S. Bayley. 

Clarence S. Ross, Paul F. Kerr, William S. Bayley, William M. McCaughey. 
Paul F. Kerr, William S. Bayley, William J. McCaughey, Kenneth K. Landes. 
William S. Bayley, William J. McCaughey, Kenneth K. Landes, E. P. Henderson. 
William J. McCaughey, Kenneth K. Landes, E. P. Henderson, J. F. Schaierer. 
Kenneth K. Landes, E. P. Henderson, J. F. Schairer, Arthur F. Buddington. 

E. P. Henderson, J. F. Schairer, Arthur F. Buddington, Arthur P. Honess. 

J. F. Schairer, Arthur F. Buddington, Arthur P. Honess, R. C. Emmons. 
Arthur F. Buddington, Arthur P. Honess, R. C. Emmons, Carl Tolman. 

Arthur P. Honess, R. C. Emmons, Carl Tolman, D. Jerome Fisher. 

R. C. Emmons, Carl Tolman, D. Jerome Fisher, Martin A. Peacock. 

Carl Tolman, D. Jerome Fisher, Martin A. Peacock, Adolf Pabst. 

D. Jerome Fisher, Martin A. Peacock, Adolf Pabst, C. S. Hurlbut, Jr. 

Martin A. Peacock, Adolf Pabst, Michiel Fleischer, S. J. Shand. 

Adolf Pabst, Michael Fleischer, S. J. Shand, R. E. Grim. 

Michael Fleischer, S. J. Shand, R. E. Grim, Joseph Murdoch. 

S. J. Shand, R. E. Grim, Joseph Murdoch, H. H. Hess. 

R. E. Grim, Joseph Murdoch, H. H. Hess, Clifford Frondel. 

Joseph Murdoch, H. H. Hess, Clifford Frondel, Lewis S. Ramsdell. 

H. H. Hess, Clifford Frondel, Lewis S. Ramsdell, E. F. Osborn. 

Clifford Frondel, Lewis S. Ramsdell, E. F. Osborn, George T. Faust. 

Lewis S. Ramsdell, E. F. Osborn, George T. Faust, Victor T. Allen. 

E. F. Osborn, George T. Faust, Victor T. Allen, C. Osborn Hutton. 

George T. Faust, Victor T. Allen, C. Osborne Hutton, Felix Chayes. 

Victor T. Allen, C. Osborne Hutton, Felix Chayes, L. G. Berry. 

C. Osborne Hutton, Felix Chayes, L. G. Berry, C. B. Slawson, A. O. Woodford. 
Felix Chayes, L. G. Berry, C. B. Slawson, A. O. Woodford, S. S. Goldich. 

L. G. Berry, C. B. Slawson, A. O. Woodford, S. S. Goldich, B. H. Mason, R. H. Jahns, 
C. Milton. 

S. S. Goldich, B. H. Mason, R. H. Jahns, C. Milton, W. R. Foster, E. W. Nuffield. 
R. H. Jahns, C. Milton, W. R. Foster, E. W. Nuffield, J. R. Goldsmith, Horace 


Winchell 


Annual Meeting Places 


Chicago, Illinois 1923 Washington, D. C. 


Amherst, Massachusetts 1924 Ithaca, New York 
Ann Arbor, Michigan 1925 New Haven, Connecticut 
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ANNUAL MEETING PLAcEs (Cont.) 


1926 Madison, Wisconsin 
1927 Cleveland, Ohio 

1928 New York, N. Y. 

1929 Washington, D. C. 
1930 Toronto, Canada 

1931 Tulsa, Oklahoma 

1932 Cambridge, Massachusetts 
1933 Chicago, Illinois 

1934 Rochester, New York 
1935 New York, N. Y. 

1936 Cincinnati, Ohio 

1937 Washington, D. C. 
1938 New York, N. Y. 

1939 Minneapolis, Minnesota 
1940 Austin, Texas 

1941 Boston, Massachusetts 
1942 No meeting held 

1943 No meeting held 


1944 No meeting held 

1945 Pittsburgh, Pennsylvania 
1946 Chicago, Illinois 

1947 Ottawa, Canada 

1948 New York, N. Y. 

1949 El Paso, Texas 

1950 Washington, D. C. 

1951 Detroit, Michigan 

1952 Boston, Massachusetts 
1953 Toronto, Canada 

1954 Los Angeles, California 
1955 New Orleans, Louisiana 
1956 Minneapolis, Minnesota 
1957 Atlantic City, New Jersey 
1958 St. Louis, Missouri 

1959 Pittsburgh, Pennsylvania 
1960 Denver, Colorado 


Recipients of the Roebling Medal 


1937 Charles Palache 

1938 Waldemar T. Schaller 
1940 Leonard James Spencer 
1941 Esper S. Larsen, Jr. 
1945 Edward H. Kraus 

1946 Charence S. Ress 

1947 Paul Niggli 

1948 William Lawrence Bragg 
1949 Herbert E. Merwin 

1950 Norman L. Bowen 


1952 Fred E. Wright 

1953 William F. Foshag 
1954 Cecil Edgar Tilley 
1955 Alexander N. Winchell 
1956 Arthur F. Buddington 
1957 Walter F. Hunt 

1958 Martin J. Buerger 
1959 Felix Machatschki 
1960 Tom. F. W. Barth 


Recipients of the Mineralogical Society of American Award 


1951 Orville F. Tuttle 
1952 Frederick H. Stewart 
1953 L. H. Ahrens 

1954 Hatten S. Yoder, Jr. 
1955 Julian R. Goldsmith 


1956 George C. Kennedy 
1957 Rustum Roy 

1958 Charles E. Weaver 
1959 Harry F. W. Taylor 
1960 Donald L. Graf 


1960 ANNUAL MEETING AT DENVER, COLORADO 


The meetings of the following societies were held on October 30—November 2, 1960. 


The Geological Society of America—73rd 

The Paleontological Society—52nd 

The Mineralogical Society of America—41st 
‘Society of Economic Geologists—41st 

The Geochemical Society—Sth 


Abstracts of the papers presented are printed in the Bulletin of the Geological Society 
of America, Vol. 71, Number 12, Part 2, pp. 1811-2010. 


MINERALS UNLIMITED 


| can supply most of your classroom mineral and rock needs at competitive prices. 
| Poundage, lots of 1 X 1” specimens, larger specimens—all are available in qual- 
_Ity material. Sorry, no school catalog available, but why not give us the opportunity 
| of bidding on the minerals you need? We have more than 500 species in stock. 


‘Some examples of what is available, and at what prices: 


25¢ per lb. 
_Chromite—Phillipine “leopard ore’ 

Epidote—solid green massive (California) 
Actinolite—coarse green crystallized masses (California) 
35¢ per lb. 

Anorthite—cleavages in hornblende norite (California) 
Oolitic hematite—reddish pisolitic masses (New York) 
Magnetite—black ‘massive, no polarity (California) 
50¢ per lb. 


_ Psilomelane—black massive, some reniform (New Mexico) 
Burkeite—buff crystalline masses (California ) 
Giauconite—dark green cementing sandstone (Texas) 


55¢ per Ib. 


Knotted schist—shows incipient porphyroblasts (California) 
Bishop tuff—an unwelded tuff (California) 

» Campito sandstone—magnetite-rich arkosic sandstone) (California) 
Peridotite—“Kimberlite” (Arkansas) 
Olivine peridotite—‘‘Dunite’’ (No. Carolina) 


_-75¢ per Ib. 

' Galena—good quality cleavable and cleavages (Tri-State) 
Tremolite—coarse radiating silky masses, some rock (Utah) 
Oligoclase—white to brown-stained, striated. Ratio ABas : ANis (New York) 
$1.00 per Ib. 

Clinozoisite—yellow-green granular, with quartz, mica (Oregon) 
Nephrite—grey-green crystalline masses (California ) 

$2.00 per Ib. eae 

Cinnabar—blood-red cleavages scattered on quartzite. (Nevada) 
Turquois—blue masses in rock (Arizona) 

$2.25 per Ib. 

Smaltite—tin white metallic, very rich, with other arsenides (Canada) — 
Tyuyamunite—bright yellow encrustations on limestone (New Mexico) 
$5.00 per Ib. 3 

Jamesonite—grey metallic in quartz, with scheelite. (Idaho) 


$7.50 per Ib. 
Bismuthinite—rich grey metallic (Ariozna-Colorado) 
Melanocerite—brown to. black masses in calcite, etc.. (Canada) 


All of the “usual’’ minerals in good quality—Azurite, Arsenopyrite, 
Hornblende, Beryl, Gypsum (many forms), Almandine, Biotite, ete. 


MINERALS UNLIMITED 
1724 University Avenue Berkeley 3, California 


i 
eee 


~ Gold. New Zealand. A polished slice of quartz rich in native gold 11%4 x 154”, $45.00 


These are truly magnificent specimens, the finest available in decades from the 
noted Val Cristallina locality in Switzerland. They include large sharp twinned ~ 
crystals and groups of adularia more or less completely, coated with attractive 


green chlorite, some with small apatite crystals. 2 x 2”, $5.00; 2 x 3”, $7.50, 
$10.00; 3 x 4”, $15.00; 4 x 5”, $17.50; 4 x 6” to 7 x 8”, $30.00, $35.00 


OTHER RECENT ACQUISITIONS 


Alvite. Norway. Brown massive piece with unusual gel structure 3 x 5”, $35.00 
Davnye. Germany. Colorless crystals in nosean sanidinite 2 x 2”, $5.00 


Dioptase. French Congo. Bright emerald green crystal groups 1 x 2”, $15.00; 2 x 2”, $30.00; 
3x 3”, $150.00 


Hibonite. Madagascar. Black crystalline with blue-gray corundum 414 x 6”, $35.00; black d 
crystals in rock 3 x 314”, $35.00 


Ilmenite. Norway. Very large crystals 2 x 21”, $20.00; 314 x 4”, $25.00; large crystals on 
rock 2.x 3”, $20.00; 3 x 4”, $27.50 


Kasolite. New York (first reported occurrence in the state). Straw yellow pseudomorphs after _ 
small uraninite crystals in pegmatite with uranophane, allanite, etc. 3 x 4”, $10.00; 4 x 5”, - 
$15.00 


Nigerite. Nigeria. Minute crystals on rock 2 x 3”, $20.00 JAS 
Miargyrite. Bolivia. Crystalline mass with native silver 2 x 21%", $25.00 each. 


Spinel. Madagascar. Large black octahedral crystals 2 x 2”, $15.00; crystal clusters with veal 
cite 3 x 4”, $15.00 


Pe 


Spinel. Ferrian (Pleonaste). Queensland, Black waterworn nuggets averaging half inch. 
$12.00 per ounce. 5 
: 3 
Ullmannite. Arsenian (Corynite). Austria. Crystalline mass with siderite 2.x 3”, $10.00 


For a complete listing of recent acquisitions in mineral specimens write for Catalog FM 13: 7i 


WwW AR D 9 S NATURAL SCIENCE ESTABLISHMENT, INC. 
P.O, BOX 1712 ROCHESTER 3, N.Y. a 


GEORGE BANTA COMPANY, ING., MENASHA, WISCONSIN, U.S.A. ; 


